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Summary
Introduction
European and Mediterranean climate fluctuations are traditionally associated with atmospheric
internal variability, with special attention to the North Atlantic Oscillation (NAO). However, ex-
ternal contributions related to sea surface temperatures (SSTs) can also play a noticeable role. In
particular, a significant ENSO signature over the North Atlantic European (NAE) sector has been
detected in previous works, even though it has not been unanimously accepted and diverging views
exist (Brönnimann (2007) and papers therein). Furthermore, nowadays there is a growing evidence
advocating for a non-stationary behavior of the tropospheric ENSO-NAE link, which could con-
tribute for an improvement of the poor skill of current seasonal forecast system over Europe (Van
Oldenborgh, 2005). Related to this, in this thesis the teleconnection between ENSO and the lead-
ing European-Mediterranean rainfall mode (hereinafter leading EMedR mode), and specifically its
possible modulation by the multidecadal variability, is deeply analysed in late winter-early spring,
which is considered the most appropriate season to study the ENSO influence over the NAE sector.
Objectives
The main objectives of this thesis are:
1. To detect the leading EMedR variability mode and its relation to ENSO in the observational
record.
2. To analyse the physical mechanisms associated with this teleconnection and its evolution in
time.
3. To evaluate the internal contribution, associated with the coupled ocean-atmosphere climate
system, to the stationarity of the teleconnection.
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4. To assess the ENSO-related impact over Europe and the Mediterranean region for distinct
ENSO forcings and SST mean states.
Data and Methodology
Gridded data based on surface observations, reanalysis, and numerical simulations, are used in this
thesis. The former are: ERSSTv3b, HadISST, and Delaware and GPCC precipitation. They are
combined with the 20CR reanalysis and unforced long-term preindustrial control simulations from
CMIP5 models. Finally, sensitivity experiments with the ACCESS model (AGCM) are performed.
Furthermore, familiar mathematical tools of climate variability are used: EOF, MCA, clus-
tering analysis, regression and composites maps, etc.
Results
The results of this thesis, which are compiled in four scientific publications, are divided into the
following parts:
1. A non-stationary teleconnection between ENSO and the leading EMedR mode in the
observational record (López-Parages and Rodríguez-Fonseca, 2012). Sliding correla-
tions between the principal component for the leading EMedR EOF and El Niño3.4 index
have been made with a 21-yr window. In October-November-December (OND), a changing
link in phase with the Pacific Decadal Oscillation (PDO) appears, obtaining only signifi-
cant correlations for extreme phases. In February-March-April (FMA) a non-stationary link
evolving in phase with the Atlantic Multidecadal Oscillation (AMO) is found. This AMO-
like evolution is consistent with previous results (Mariotti et al., 2002; Sutton and Hodson,
2003; Knippertz et al., 2003). Under negative AMO phases, anomalous positive rainfall over
central Europe, and anomalous negative rainfall over northern Scandinavia and the Mediter-
ranean, are detected in relation to anomalous positive SSTs over the tropical Pacific. These
periods are denoted as P. Under positive AMO phases the aforementioned link is almost the
opposite, but noticeably weaker. These periods are denoted as N. Therefore, these results
point to a changing teleconnection between ENSO and the leading EMedR mode and sug-
gest a modulating role of natural variability.
Summary xix
2. ENSO-Leading EMedR mode: An internal teleconnection of the ocean-atmosphere
coupled system taking place in a non-stationary way (López-Parages et al. (2014),
López-Parages et al. (2015a)). This link is analysed in unforced long-term preindustrial
control simulations from 18 different CMIP5 models. A changing teleconnection, consistent
with observations, is found. It responds to statistically significant variations in jet streams
at multidecadal timescales. These changes seem to be forced by the underlying SST. Con-
sequently, depending on the ocean mean state spatial configuration, ENSO-related Rossby
waves are either efficiently or not efficiently propagated from the tropical Pacific to the NAE
sector. Then, only for P decades, an ENSO signature is detected on the leading EMedR
mode. These results confirm that the non-stationary teleconnection can be modulated by the
internal variability of the ocean-atmosphere coupled system. Thus, the following hypoth-
esis is posed: a common ENSO forcing produces distinct responses over the NAE sector
depending on the ocean background state.
3. ENSO-Leading EMedR mode: A non-stationary link modulated by the SST mean state
(López-Parages et al., 2015b). A set of experiments, in which diverse SST ENSO config-
urations are prescribed under different SST mean states, is performed. The results demon-
strate how the remote impact of both warm and cold ENSO events on the NAE climate
could be noticeably different depending on the SST background state. In particular, SST
mean state can modulate two distinct mechanisms associated with ENSO events: (1) the
thermally driven direct circulation (Walker and Hadley cells) connecting the Atlantic and
Pacific basins, and (2) the Rossby wave propagation from the tropical Pacific to the North
Atlantic. The former explains an enhanced impact of Central Niñas on the Azores high
pressures system during those decades in which a P-like SST mean state occurs. The latter
explains a reinforced impact of Eastern Niños on EMedR under the same SST background
state. This result is consistent with those identified in observations and CMIP5 models, and
demonstrates how the teleconnection can be modulated by the multidecadal SST variability.
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Conclusions
The main findings from this PhD thesis are:
1. The leading variability mode of the EMedR at interannual timescales, in OND and FMA, is
related to El Niño in a non-stationary way in the observational record.
2. The non-stationary teleconnection identified in FMA can be reproduced by internal variabil-
ity of the ocean-atmosphere coupled system.
3. The absence of stationarity in the aforementioned link can be explained by multidecadal
changes of jet streams forced by the ocean.
4. Sensitivity experiments with the ACCESS model demonstrate how the ENSO impact on
the leading EMedR mode in FMA can be modulated by the SST mean state variability. This
modulation occurs, however, in a distinct way depending on the phase, amplitude, and spatial
pattern of the SST ENSO forcing.
5. Extratropical jet streams play a key role for tropical-extratropical teleconnections. Accord-
ing to our results, if the jets are poorly represented by a climate model (strong bias), a com-
mon changing impact of ENSO on EMedR in observations and model could be modulated
by very different SST multidecadal patterns.
Resumen (Spanish)
Introducción
El clima de Europa y la región mediterránea ha estado tradicionalmente asociado con variabilidad
interna de la atmósfera, y especialmente, con el modo Oscilación del Atlántico Norte (NAO1). No
obstante, existen también contribuciones externas asociadas con la temperatura superficial del mar
(SST2). En concreto, trabajos anteriores han encontrado una señal significativa de ENSO sobre
el sector del Atlántico Norte y Europa (NAE3), si bien ésta no ha sido unanimemente aceptada
(Brönnimann (2007)). Actualmente existen además indicios crecientes que proponen un compor-
tamiento no estacionario de la relación troposférica ENSO-NAE, lo que podría contribuir a una
mejora de la pobre capacidad actual de los sistemas de predicción estacional para Europa (Van
Oldenborgh, 2005). En relación con lo anterior, en esta tesis se ha estudiado la teleconexión entre
ENSO y el primer modo de variabilidad de la precipitación Europea y Mediterránea (de ahora en
adelante EMedR4), así como su posible modulación asociada a variabilidad multidecadal. Todo
ello ha sido analizado en profundidad para finales de invierno y principios de primavera, estación
considerada como la más apropiada para el estudio de la influencia de ENSO en el sector NAE.
Objetivos
Los objetivos principales de esta tesis son:
1. Identificar el primer modo de variabilidad de la EMedR y su relación con ENSO en el período
instrumental.
2. Analizar los mecanismos físicos que explican esta teleconexión y su evolución temporal.
1Del inglés North Atlantic Oscillation
2Del inglés Sea Surface Temperature
3Del inglés North Atlantic European
4Del inglés European and Mediterranean Rainfall
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3. Estimar la contribución interna, asociada con el sistema acoplado océano-atmósfera, en la
mencionada teleconexión.
4. Evaluar el impacto ENSO sobre la EMedR para distintos forzamientos ENSO y estados base
de la SST.
Datos y Metodología
A lo largo de esta tesis se emplean datos de rejilla basados en observaciones superficiales, re-
análisis, y simulaciones numéricas. Los primeros son: ERSSTv3b, HadISST, y precipitación de
la Universidad de Delaware y del GPCC. Éstos se complementan con datos del 20CR re-análisis
y con simulaciones largas de control en condiciones pre-industriales procedentes de modelos del
CMIP5. Finalmente se llevan a cabo diferentes experimentos de sensibilidad con el modelo AC-
CESS (AGCM5).
Además, se han utilizado distintas herramientas matemáticas ampliamente empleadas en
variabilidad climática: EOF, MCA, análisis cluster, mapas de regresión y compuestos, etc.
Resultados
Los resultados de esta tesis, compilados en 4 artículos científicos, se dividen en las partes sigu-
ientes:
1. Existe, en el registro observacional, una teleconexión no estacionaria entre ENSO y el
primer modo de variabilidad de la EMedR (López-Parages and Rodríguez-Fonseca,
2012). Se llevan a cabo correlaciones, en ventanas móviles de 21 años, entre la componente
principal de la primera EOF de la EMedR y el índice Niño3.4. En Octubre-Noviembre-
Diciembre (OND) aparece una relación variable en fase con la Oscilación Decadal del Paci-
fico (PDO6), encontrando correlaciones estadísticamente significativas entre la componente
principal de la lluvia y el índice Niño3.4 unícamente en fases extremas de la PDO. En
Febrero-Marzo-Abril (FMA) se encuentra una relación no estacionaria evolucionando en
fase con la Oscilación Multidecadal del Atlántico (AMO7). Esta evolución tipo AMO es
5Del inglés Atmospheric General Circulation Models
6Del inglés Pacific Decadal Oscillation
7Del inglés Atlantic Multidecadal Oscillation
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consistente con resultados anteriores (Mariotti et al., 2002; Sutton and Hodson, 2003; Knip-
pertz et al., 2003). Así, bajo fases de AMO negativas, lluvia anómala positiva sobre Europa
central, y lluvia anómala negativa sobre Escandinavia y la región mediterránea, se relaciona
con SST anómalas y positivas sobre el Pacífico tropical. Estos períodos se indican como P.
Bajo fases de AMO positivas, la relación anterior es casi opuesta pero claramente más débil.
Estos períodos se indican como N. Estos resultados apuntan a una teleconexión variable en-
tre ENSO y el primer modo de la EMedR, sugiriendo, asimismo, un papel modulador de la
variabilidad natural.
2. ENSO-Primer modo de variabilidad de la EMedR: una teleconexión no estacionaria e
interna al sistema océano-atmósfera (López-Parages et al. (2014), (López-Parages et al.,
2015a). La teleconexión antes mencionada es analizada en simulaciones largas de control en
condiciones pre-industriales procedentes de 18 modelos diferentes del CMIP5, indentifican-
do una relación variable y consistente con la observacional. Ésta responde a variaciones
significativas de los jet streams a escalas multidecadales, lo que a su vez parece estar forza-
do por la SST subyacente. Dependiendo de la configuración del estado base de la SST, las
ondas de Rossby relacionadas con ENSO son capaces de alcanzar o no el sector NAE. Sólo
para décadas P se detecta la señal de ENSO en la EMedR. Estos resultados confirman co-
mo la no estacionariedad de la teleconexión puede estar modulada por variabilidad interna
del sistema océano-atmósfera. Se plantea la siguiente hipótesis: un mismo forzamiento Niño
produce diferentes respuestas sobre el sector NAE dependiendo del estado base del océano.
3. ENSO-Primer modo de variabilidad de la EMedR: una teleconexión no estacionaria
modulada por el estado base de la SST (López-Parages et al., 2015b). Se han llevado
a cabo, con el modelo ACCESS, un conjunto de experimentos en los que diversas señales
idealizadas de SST de ENSO han sido superpuestas sobre diferentes estados base de SST.
Los resultados obtenidos confirman como el impacto remoto de eventos ENSO, positivos
y negativos, sobre el clima del NAE puede ser notablemente diferente dependiendo de la
variabilidad de baja frecuencia de la SST. En particular, el estado base de la SST parece
modular dos tipos de mecanismos asociados a ENSO: (1) la circulación directa de origen
térmico (células de Walker y Hadley) que conecta las cuencas del Atlántico y Pacífico, y (2)
la propagación de ondas de Rossby desde el Pacífico tropical hasta el Atlántico Norte. El
primer mecanismo explica un impacto fortalecido de Niñas de patrón central sobre el sis-
tema de altas presiones de Azores durante aquellas décadas en las que existe un estado base
de SST tipo P. El segundo mecanismo explica un impacto reforzado de Niños de patrón este
sobre la EMedR bajo el mismo estado base de SST. Estas características son consistentes con
la señal variable de ENSO identificada en observaciones y modelos del CMIP5, y demues-
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tran como la teleconexión estudiada puede estar modulada por variabilidad multidecadal de
la SST.
Conclusiones
Las principales conclusiones de esta tesis son:
1. El primer modo de variabilidad de la EMedR a escalas interanuales, en OND y FMA, está
relacionado con El Niño de un modo no estacionario en el registro observacional.
2. La teleconexión no estacionaria identificada en FMA puede ser reproducida por variabilidad
interna del sistema acoplado océano-atmósfera.
3. La ausencia de estacionariedad en dicha teleconexión puede ser explicada por cambios mul-
tidecadales de los jet streams forzados por el océano.
4. Experimentos de sensibilidad realizados con el modelo ACCESS demuestran como el estado
base de la SST puede modular la teleconexión anterior. Esta modulación ocurre de manera
diferente según la fase, amplitud y patrón espacial de ENSO.
5. Los jet streams extratropicales desempeñan un papel crucial para teleconexiones trópico-
extratrópico. De acuerdo con nuestro resultados, si un modelo no representa adecuadamente
los jets (bias fuerte), un mismo impacto variable de ENSO sobre la EMedR en observaciones
y modelo podría estar modulado por patrones multidecadales de SST muy diferentes.
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Preface
Climate is an always evolving system which must be regarded as a living entity (Peixoto and Oort,
1992). It is composed by many subsystems, including the atmosphere, hydrosphere, cryosphere,
and biosphere, having each of them its own characteristics and responses. These components of
the climate are connected to each other and so, an integrated approach should be considered to
investigate the global climate and its related processes and impacts all over the world. To this aim,
physics laws, which are expressed in mathematical terms, are needed.
Climate changes at different times scales, from years to glacial periods, and the study of
how it occurs along time is known as Climate Variability. To evaluate these changes climate
researchers assume a quasi-constant state, which is referred to as mean state or climatology. The
selection of a convenient climatology is a subjective decision, being dependent on the timescales
that climate researchers are interested in (yearly, decadal, multidecadal, centennial, millennial...).
The fluctuations around the mentioned climatology are known as anomalies, and its evolution
along the time, with positives and negatives values, define an anomalous time series. Those spatial
points with a similar anomalous time series are grouped in a set of spatial patterns or climate
variability modes, which many times represent a set of recurring phenomena. Thus, the huge
complexity of the climate system can be simplified in terms of its variability modes, contributing
in that way to focus the studies on specific processes and dynamical mechanisms.
According to the IPCC report (Solomon, 2007) Climate variability may be due to natural
internal processes within the climate system (internal variability), or to variations in natural or
anthropogenic external forcing (external variability). Nevertheless, similar as for climatology def-
inition, researchers refer to internal or external variability depending on the climate subsystem
they are engaged in. Hence, atmosphere researchers and oceanographers consider the ocean and
the atmosphere external forcings, respectively. And if the ocean and atmosphere are analysed as
a whole, all the processes taking place in both of them contribute to the internal variability of the
coupled system.
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2 1. Preface
A striking and interesting characteristic of the climate system is that it harbours telecon-
nection, defined as linkages between weather and climate anomalies that occur over relatively
large distances. Regarding the atmosphere, teleconnections are strongly influenced by transient
behaviour of the planetary-scale waves, which are primarily forced by the continent-ocean heating
contrasts. These atmospheric teleconnections can link regions thousands of kilometers away to
each other. They are identified through statistical analysis (most of them based on correlations in
space and time) and their associated underlying mechanisms are dynamically explained by changes
in the rotational and/or the divergent flow, as it will be thoroughly analyzed in Chapter 4 of the
present study.
This thesis is focused on the stationarity of the atmospheric teleconnection between the
anomalous Euromediterranean rainfall and El Niño-Southern Oscillation (ENSO). This phenomenon
is associated with changes in the sea surface temperatures (SSTs) over the tropical Pacific mainly
acting at interannual (year to year) timescales. Hence, the Pacific ocean influence, which leads to
adjustments of internal properties of the atmosphere, is considered here as an external forcing of
the atmosphere. The aforementioned teleconnection poses different and exciting not completely
understood issues. Firstly, as the North Atlantic European Climate (NAE) is strongly controlled
by the large internal variability of the circulation over the North Atlantic (Quadrelli and Wallace,
2002), a significant impact of El Niño on European climate is still under debate. Secondly, the
link between El Niño and the NAE climate seems to had not been stationary in time (Knippertz
et al., 2003; Sutton and Hodson, 2003; Gouirand and Moron, 2003; Greatbatch et al., 2004), with
changes at multidecadal timescales. Thus, a better understanding of the underlying dynamical
mechanisms associated with this changing teleconnection could favor the improvement of the poor
skill of current seasonal forecast systems over Europe (Van Oldenborgh and Burgers, 2005). In
this way, the role that multidecadal ocean variability could play is a matter of fundamental im-
portance. Furthermore, considering the extremely likely human influence in the observed climate
change since mid-20th century (Solomon, 2007), to distinguish between natural and anthropogenic
causes of the changing El Niño-NAE teleconnection is an additional challenge to be faced.
For all the above reasons, the present thesis pretends to shed some light on the non-stationary
behavior of the already not-completely understood ENSO teleconnection with the NAE climate,
with special attention to the impact on the European and Mediterranean rainfall.
2
State of the Art
The scientist is not a person who gives the right
answers, he’s one who asks the right questions.
Científica no es la persona que responde las preguntas
acertadas, sino la que hace las preguntas acertadas.
Claude Lévi-Strauss,
Mythologiques
2.1 Some notions about Atmospheric General Circulation
Atmospheric General Circulation, which is primarily driven by the equator-pole net radiation
difference, encompasses the complete statistical description of large scale atmospheric motions
(AMS Glossary, 2015). Tropical and polar regions receive more and less incoming energy from
the Sun than they emit back to the space, respectively (Figure 2.1a). The resultant energetic imbal-
anced is minimized by different processes (Figure 2.1b).
Through hydrostatic balance, it is possible to demonstrate that the warmth over the tropics
leads to the expansion of tropical air columns. A meridional pressure gradient is then established
with respect to the polar regions. According to this, George Hadley suggests, in 1735, one giant
meridional cell in which air rises near the equator and, by conservation of mass, flows poleward
aloft (Figure 2.2a). This simple circulation described by G. Hadley, which approximately agrees
with observations over the tropics, does not agree with the circulation at extratropical latitudes,
where most of the meridional flow takes the form of some highs and lows, with length scales of the
order of 1000 km, usually denoted as large-scale eddies. These eddies are responsible for the ex-
istence of a secondary thermally indirect circulation in which the angular momentum is transfered
poleward. The resultant divergence of eddy momentum fluxes in high latitudes at upper tropo-
sphere contributes to the formation of a new weak thermally direct polar circulation cell. Thus,
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a) b)
Figure 2.1: a) Schematic figure for the annual incoming (blue) and outcoming (red) radiation at different latitudes.
From http : //www.geog.ucsb.edu/ b) Total heat transport from different sources (TOA radiation RT, NCEP, and
ECMWF). A more detailed explanation can be found in Trenberth and Caron (2001).
.
instead of the single-cell configuration proposed by G. Hadley, three annual-mean circulation cells
appear in each hemisphere (Figure 2.2b): one in the tropical regions (the so-called Hadley cell),
another in midlatitudes (the Ferrel cell), and finally a third one in the polar regions (the Polar
cell). The surface signature of this atmospheric circulation is characterised by subtropical high and
subpolar low pressure belts covering both hemispheres (Figure 2.3). Furthermore, as air conserve
the angular momentum along its movement, the northern (southern) hemisphere flow is deflected
to the east (west) due to the Earth’s rotation (Coriolis effect) and hence, surface easterly winds or
trade winds appear in the subtropics (latitudes lower 30o), as well as westerly winds or westerlies
between 30o and 60o, and again easterly winds or easterlies in high latitudes (Figure 2.2b).
As a consequence of the aforementioned extratropical configuration, a strong meridional tem-
perature gradient is found at midlatitudes, separating the warm tropical air from the cold polar
air. Assuming at this point that the horizontal flow is geostrophic, and considering pressure co-
ordinates (go to Peixoto and Oort (1992) for a more detailed description), the vertical shear of
horizontal wind at pressure p can be expressed as:(
∂ug
∂p
,
∂vg
∂p
)
=
R
fp
((
∂T
∂y
)
p
,−
(
∂T
∂x
)
p
)
(2.1)
being f the Coriolis parameter, R the gas constant, and ug and vg the zonal and meridional
geostrophic winds, respectively. Equation 2.1 is known as thermal wind equation in reference to
the fictitious thermal wind, which actually represents the vertical shear of horizontal wind. Thus,
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a) b)
Figure 2.2: a) One-cell atmospheric model in a non-rotating Earth proposed by G. Hadley. b) three cell atmospheric
model in a rotating earth. From Lutgens and Tarbuck (2001).
Figure 2.3: Annual Mean Sea Level Pressure (hPa), 1949-2014. From NCEP-NCAR reanalysis.
since temperature decreases poleward, ∂T
∂y
< 0 in the northern hemisphere and ∂T
∂y
> 0 in the
southern hemisphere; hence 1
f
∂T
∂y
< 0 in both. According to Equation 2.1, ug
∂p
< 0 and hence,
with increasing height (decreasing pressure) winds become increasingly eastward (westerly). As it
was previously noted, the meridional temperature gradient is most pronounced in midlatitudes and
hence, a maximum of westerlies is found there. In particular, the strongest winds occurs at upper
troposphere (near 200 hPa) where the north-south temperature gradient is also maximum. As it
will be repeatedly mentioned along this thesis, the resultant extratropical jet stream (Figure 2.4),
which varies in position and intensity along the year (Figure 2.5; top), represents a key agent in
the extratropical response to ENSO, being of special importance the relative position of the two
main branches over mid-latitudes, which are the East Asian jet (EA-jet) and the North Atlantic jet
(NA-jet) (Figure 2.5; bottom).
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Figure 2.4: Left, averaged zonal mean flow at 200 hPa (January-December, 1949-2015). From NCEP-NCAR reanal-
ysis. Right, zonal wind cross section (January) between 60oW and 40oW. Positive values are shaded. Please note that
the strong eastward winds at upper troposphere are associated with the extratropical jet stream. From Wang (2002a).
Units in m · s−1.
Zonal circulation cells are also identified in the tropics, where the strong convection induces
changes in the horizontal convergence and divergence and, hence, vertical motions in the atmo-
spheric column (see Section 4.1). The first zonal circulation system is described as a cell in which
air rises over the warm western tropical Pacific ocean and sinks over the cold eastern tropical Pa-
cific ocean (Bjerknes, 1969). It is called as Walker Cell as a tribute to the works done by Gilbert
Walker during the 1920’s (Walker, 1925a,b; Walker and Bliss, 1928). Nowadays, it is known how
this Pacific Walker cell is part of a hemispheric band of Walker cells through which the tropical re-
gions are connected to each other, changing along the year in relation to the latitudinal movements
of the Intertropical Convergence Zone (ITCZ).
2.1.1 Atmospheric circulation over the North Atlantic sector
The North Atlantic region is placed between the subtropical high and the subpolar low pressure
belts of the Northern Hemisphere. The Azores high and the Greenland low pressure systems are
part of theses belts and their relative strengthening along the year, which control the westerlies,
influences the climate variability over Europe (Figure 2.6). These westerlies are enhanced in winter
season when the jet stream, dominated by the so-called eddy activity, is also strong. This eddy
activity occurs at high frequencies and it is caused by the intense gradients of temperature that
take place along the eastern coast of North America (near Newfoundland region), inducing strong
eddy heat fluxes. As a consequence, deep baroclinicity, which favours the cyclone formation, is
found over this area. Once the cyclones are formed, they propagate along the extratropical jet
stream, causing in that way the exchange of energy and momentum with the mean flow, which in
turn influences the dynamical evolution of the own cyclogenetic activity and so, the downstream
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Figure 2.5: Left, meridional-vertical cross section of the zonal mean flow at 200 hPa in the northern hemisphere.
Right, zonal-vertical cross section by averaging the zonal mean flow at the same level between 30oN and 55oN . From
20CR database (1871-2010). The two maximum located, approximately, at 150E and 80W reflect the EA-jet and
NA-jet respectively. Units in m · s−1.
propagation of storm tracks over the European Continent. Thus, a bidirectional influence between
eddies and zonal mean flow occurs over the North Atlantic, being maximum in winter season,
when the thermal contrasts along the eastern North American coast are also maximum (Hoskins
and Valdes, 1990).
European climate variability can be also affected by changes in the easterly surface winds or
trades winds, which flows towards the south-west over the Tropical North Atlantic (TNA). These
northern hemisphere trades winds converge with the southern hemisphere ones at the ITCZ, which
is closely but not exactly located over the geographical equator and moves to the north or to the
south along the year. This seasonal evolution is also found for the Azores high pressure system
and the so-called subtropical jet stream (Figure 2.7), being the latter located over North Africa in
winter and over the Mediterranean area in summer. This jet stream, different from the previous
mentioned extratropical jet stream, is thermally driven. The rising air over the ITCZ flows to
higher latitudes due to the meridional gradient of temperature. Hence, along its displacement it is
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Figure 2.6: Mean Sea Level Pressure (hPa) in January (left) and July (right), 1949-2014. Please realize that a different
feature of the Azores high and the Icelandic low pressure systems is found in winter and summer seasons. From
NCEP-NCAR reanalysis.
Figure 2.7: Zonal wind cross section (January) between 10oW and 10oE. Note that the strong eastward winds at upper
troposphere are associated with the subtropical jet stream. From Wang (2002a). Units in m · s−1.
deflected to the east due to the Coriolis effect. This feature, which is specially marked over the TNA
in winter (Mediterranean region in summer), generates strong easterlies at upper troposphere and
so, the resultant subtropical jet stream. At mid latitudes, part of the previous mentioned northward
meridional flow descends, causing in that way the Azores high pressure system. In the return
pathway of this flow at surface levels towards the equator, the winds are again affected by the
Coriolis effect, which in this case deflects the flow to the west. Thus, the already described trade
winds appear, and the thermally driven circulation cell (the Hadley cell circulation) is closed.
Thus, the spatial configuration and intensity of the pressure systems over the North Atlantic
can be influenced by different factors. Its variability, from internal or external sources, determines
the anomalous storm track activity and the related surface impacts over Europe.
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2.2 The Ocean: A climate subsystem coupled to the atmosphere
The ocean, as the atmosphere, plays an important role to redistribute polewards the excess of en-
ergy in low latitudes, thereby reducing the north-south gradient of temperature. As it can be seen
from global distribution of SSTs (Figure 2.8a) the tropical oceans are noticeably warmer than the
extratropical ones. This meridional distribution identified over the ocean surface is specially clear
due to the tendency of the oceans to transfer more slowly the heat than other climate subsystems,
like the atmosphere. It is said, therefore, that ocean has thermal inertia. In addition, by comparing
the eastern and western sides of the different ocean basins, it is found that in the tropics the waters
on the west tend to be warmer than over the east, whereas in high latitudes the opposite appears.
This zonal asymmetry occurs as a result of the wind surface influence on the ocean. Over those
tropical regions in which the surface winds are strong, the Coriolis effect together with the fric-
tional coupling of the ocean and the winds cause a net movement of surface water at about 90o to
the right (left) of the wind direction in the Northern (Southern) Hemisphere. This feature is known
as Ekman Transport and, as a consequence, surface water is replaced by cold water that well up
from below (upwelling), which explains the cold waters identified in low latitudes to the east (Fig-
ure 2.8a). The zonal asymmetry over the mid latitudes, however, respond to the direct effect of
ocean geostrophic currents. Over the North Atlantic, for instance, the ocean is anomalously warm
in the east side due to the influence of both, the Gulf Stream and the Labrador currents (Figure
2.8b). Something similar occurs in other parts of the globe, where different oceanic surface cur-
rents systems or Gyres, closely related to the high and low pressure systems previously described
in Section 2.1, redistribute the equator-pole energy imbalance.
Nevertheless, the meridional transport of energy occurs differently depending on the ocean
basin (Figure 2.9a). Thus, whereas in the Pacific a heat poleward transport is found in the whole
basin (northward in the northern hemisphere and southward in the southern hemisphere), over
the Atlantic a northward transport is found in both, the southern and the northern hemisphere
(Trenberth and Caron, 2001). This fact is influenced by the ocean circulation associated with
the so-called Atlantic Meridional Overturning Circulation (AMOC), which is the Atlantic section
of the Global Meridional Overturning Circulation (MOC; see Figure 2.9b). Hence, the AMOC
transports heat from the south and tropical Atlantic to the subpolar and polar North Atlantic, where
this heat is released to the atmosphere with substantial impacts on climate over large regions. It is
therefore clear that the study of the ocean circulation is not only important per se, but also crucial
for understanding the atmospheric climate. Thus, the exchanges of energy between the ocean
and the atmosphere subsystems through heat (sensible and latent) and momentum fluxes drive the
regional oceanic and atmospheric circulations which, in turn, can modify the climate on remote
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Figure 2.8: a) Long-term mean SST distribution (oC) from satellite passive microwave measurements, 1982-2008;
from Deser et al. (2010) b) Global ocean currents from https : //cimss.ssec.wisc.edu/sage/oceanography/.
a) b)
Figure 2.9: a) Zonal annual mean ocean heat transports based upon the surface fluxes for February 1985-April 1989
for the total, Atlantic, Indian, and Pacific basins for NCEP and ECMWF atmospheric fields; From (Trenberth and
Caron, 2001). b) Simplified sketch of the global overturning circulation system. From Kuhlbrodt et al. (2007)
.
regions. In particular, along this thesis the SST field is insistently used in order to characterise the
anomalous oceanic patterns influencing the atmosphere.
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2.3 Climate Variability
Climate Variability refers to temporal variations of the climate system, typically longer than those
associated with synoptic weather events (AMS Glossary, 2015), around a certain mean state. This
thesis is focused on the non stationary impact of ENSO on the European and Mediterranean rainfall
and, in particular, on the possible modulating role of the ocean mean state variability. Thus, we are
interested in exploring the ocean decadal and multidecadal variability influence (considered here
as low frequency variability) on a specific interannual atmospheric teleconnection (considered here
as high frequency variability).
2.3.1 Interannual Variability
2.3.1.1 Variability of the North Atlantic European sector
Different structures are typically used in order to describe the recurrent atmospheric patterns occur-
ring over the North Atlantic. Some examples are the well-known East Atlantic (EA), Scandinavian
(SCA), and East Atlantic/Western Russia (EA/WR) patterns (Wallace and Gutzler, 1981; Barnston
and Livezey, 1987). Nevertheless, the most prominent and recurrent pattern at different timescales
over the North Atlantic European (NAE) sector is the North Atlantic Oscillation (NAO; Visbeck
et al. (2003)). The NAO, which is most noticeable during the boreal cold season (November-
April), refers to Sea Level Pressure (SLP) fluctuations between the Azores high and the Icelandic
low pressure systems. As a consequence, a redistribution of atmospheric mass occurs between sub-
polar and subtropical latitudes, intensifying or reducing the SLP difference between Azores and
Iceland centers, and defining the positive and negatives NAO phases, respectively (Figure 2.10).
As the strength of the zonal flow is related to this meridional gradient of pressure, this SLP seesaw
produces large changes in zonal mean flow and moisture transport over the North Atlantic, mod-
ifying the stormstracks travelling from North America to the European continent (Rogers, 1997)
and hence, the precipitation regime (Rodwell et al., 1999; Hurrell et al., 2003). Under positive
NAO phases, there are below normal values of SLP across the high latitudes of the North At-
lantic and above normal values of SLP over the central North Atlantic. The opposite occurs under
negative NAO phases. As a consequence, positives (negatives) NAO scores are related to higher
(weaker) amount of precipitation over Europe north (south) of 45oN and reduced precipitation to
the south (north) (Hurrell, 1995). These impacts of NAO over Europe and the Mediterranean region
have been thoroughly analysed (Van Loon and Rogers (1978); Wallace and Gutzler (1981); Pozo-
Vázquez et al. (2000, 2001a); Sanchez-Gomez et al. (2001); Castro-Díez et al. (2002); Gámiz-
Fortis et al. (2002); Rodríguez-Fonseca and Serrano (2002); Rodríguez-Fonseca and de Castro
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Figure 2.10: NAO conditions in negative (left) and positive (right) phases. From
http://www.ldeo.columbia.edu/res/pi/NAO/ by Martin Visbeck
(2002); Trigo et al. (2004), among others).
A general overview of NAO characteristics and its associated impacts can be found in Hurrell
et al. (2003) and Thompson et al. (2003), and, more recently, in Pinto and Raible (2012) and Hurrell
and Deser (2015).
It is still a matter of debate in climate research community if the NAO is truly a unique
mode of North Atlantic climate variability or if, on the contrary, it represents a regional expression
of a large-scale oscillation of atmospheric mass between mid and high latitudes over the North-
ern Hemisphere, usually known as Arctic Oscillation (AO) or Northern Annular Mode (NAM)
(Thompson and Wallace, 1998). The underlying physics of the AO/NAM is not completely under-
stood, with some authors representing the AO as an oscillation between subpolar and subtropical
latitudes in the North Atlantic and the North Pacific (Wallace and Thompson, 2002), and others
considering the AO as a part of a stationary wave of wavenumber 5 embedded in the extratropi-
cal jet (Branstator, 2002; Watanabe, 2004). In addition, Quadrelli and Wallace (2002) suggest an
El Niño Southern Oscillation (ENSO) impact on the AO/NAM mode, which is coherent with the
results obtained by García-Serrano et al. (2011), who found how the AO/NAM could emerge as a
combination of internal (NAO-related) and forced (ENSO-related) variabilities.
The trigger for NAE climate variability in general, and the driver for NAO variability mode
in particular, are therefore unclear. Thus, while Stephenson et al. (2000) point to a pure stochastic
process (unpredictable), other works address important external factors including (1) the Tropical
Atlantic (Visbeck et al., 2003; Chen et al., 2015) and the tropical Pacific (Toniazzo and Scaife,
2006; Brönnimann, 2007) variability, (2) the western flow from the North Pacific (Honda and
Nakamura, 2001; Pinto et al., 2011; Drouard et al., 2015), (3) the downward propagation of strato-
spheric anomalies (Baldwin and Dunkerton, 2001), and (4) the solar radiation variability (Shindell
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et al., 2001). In either case, deviations of the climate over the NAE sector are still mainly as-
sociated with internal atmospheric variability. And this occurs although different studies have
found a SST signature associated with the NAO, which can provide a certain skill for seasonal pre-
diction several months in advance (Czaja and Frankignoul (1999); Rodwell and Folland (2002);
Rodríguez-Fonseca et al. (2006), among others). Nevertheless, the skill of current seasonal fore-
cast systems over Europe is limited (Van Oldenborgh and Burgers, 2005), and hence, a large effort
should be made to improve it. Along this thesis the link between ENSO and the NAE climate is
thoroughly analysed, which hopefully will contribute to this goal.
2.3.1.2 ENSO: A Remote External Forcing
El Niño and the Southern Oscillation (ENSO) is the globally dominant climate mode at interannual
timescales. This phenomenon represents a free oscillation of the coupled ocean-atmosphere sys-
tem over the tropical Pacific or the Indo-Pacific region (Philander et al., 1989; Allan et al., 1996;
Harrison and Larkin, 1998; Diaz and Markgraf, 2000; Glantz, 2001; McPhaden et al., 2006), being
El Niño and the Southern Oscillation its oceanic and atmospheric components respectively.
El Niño (La Niña) episodes are associated with a weakening (strengthening) of the climato-
logical trade winds and, as a consequence, warm (cold) SST anomalies appearing along the coast of
Ecuador and Peru. It was called in that way by the local fishermen, who realised how these anoma-
lous warming (cooling) of the waters generally occurred around Christmas time. Nowadays, it is
known that these anomalous SSTs extend to the center of the tropical Pacific (Figure 2.11a), being
November to January the mature phase of El Niño (La Niña) events. An overview of SST sea-
sonal cycle associated with ENSO can be found in Wang (2002b). The aforementioned changes in
the equatorial SSTs are associated with large anomalies in atmospheric circulation. Specifically,
strong variations in surface pressure over the eastern and western tropical Pacific are found during
ENSO events, defining in that way the Southern Oscillation or atmospheric component of ENSO.
As a consequence, large east-west shifts of mass over the tropical Pacific atmosphere take place.
This coupled oscillation between the ocean and the atmosphere is explained by the Bjerknes feed-
back mechanism (1969). According to this theory, when the tropical Pacific is anomalously warm
(as for El Niño episodes), the SST zonal gradient changes and the zonal atmospheric circulation
is perturbed. Thus, trade winds are weakened, decreasing in that way the oceanic upwelling (and
hence cooling) in the eastern Pacific and so, reinforcing the initial warm SST conditions. The op-
posite feedback mechanism occurs for La Niña episodes.
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Figure 2.11: a) Leading empirical orthogonal function (EOF) of detrended monthly SST anomalies over the global
oceans based on the HadISST dataset, 1900–2008. This mode, which accounts for 19% of the variance, depicts the
ENSO phenomenon. b) Monthly SST anomaly time series in the Niño 3.4 region (5oN-5oS, 170o-120oW: outlined by
the rectangle on the pattern). From Deser et al. (2010).
Thus, during El Niño episodes the atmospheric deep convection over the maritime continent
is shifted to the central equatorial Pacific, which produces enhanced precipitation and midlevel
heat release above. As a consequence, a pair of low level (upper level) cyclones (anticyclones)
to the west of the anomalous warming together with a low pressure to the east, appears. This
Gill-Matsuno response (see Chapter 4 for a more detailed description) produces changes in global
circulation by the alteration of the Hadley and Walker cells (divergent flow) or the triggering of
atmospheric Rossby waves (rotational flow), which can connect the Pacific basin to tropical and
extratropical regions by atmospheric bridges (Lau and Nath, 1996; Klein et al., 1999; Alexander
et al., 2002). Thus, ENSO phenomenon is able to modulate the global climate (Alexander et al.,
2002; Slingo and Annamalai, 2000). Several studies based on rain-gauges records from land sta-
tions (e.g. Ropelewski and Halpert (1987, 1989); Kiladis and Diaz (1989)) or including satellite
estimates and reanalysis model outputs (e.g. Xie and Arkin (1997); Dai et al. (1997)) have been
documented about the global impacts of ENSO on rainfall. It has been found how the leading EOF
of global precipitation is an ENSO-related pattern (Figure 2.12) and, as a consequence, ENSO is
considered as the most important determinant of variability in global precipitation fields (Dai et al.,
1997; Dai and Wigley, 2000). A detailed description of ENSO teleconnection with extratropical
latitudes, and more specifically with the NAE sector, is shown in Section 2.4.
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FIG. 9. Temporal coefficients and spatial patterns of the first leading EOF of annual precipitation anomalies
(normalized by their standard deviations prior to decomposition). Also shown (dashed line) is the bimonthly SST
anomalies over the equatorial Pacific (Wright 1984). Areas without data are in white. The annual PC coefficients
(top panel, solid line) were plotted at the SON of each year (e.g., 1982 PC coefficient is plotted at x axis 5 1982.75
instead of 1982.50) since the largest ENSO-induced precipitation anomalies are generally in SON (Dai 1996).
imum in September–November (SON) of the ENSO
year and recover to normal in the following March–
May (MAM), while the anomalies over the United States
are seen mostly during December–February (DJF) and
MAM following the ENSO year (e.g., 1983). These re-
sults are consistent with those from composite analyses
(Ropelewski and Halpert 1987, 1989).
We find that the strength of the ENSO signal in pre-
cipitation is season dependent, and this seasonality var-
ies from region to region. For example, in North Amer-
ica, the ENSO signal in precipitation is strongest in
winter (DJF) and weakest in summer [June–August
(JJA)], whereas in the Australia–Indonesia region,
ENSO affects precipitation most in SON and least in
MAM. Globally, the ENSO signal is strongest in SON
(7.5% variance) and weakest in JJA (5.1% variance).
This is understandable because the equatorial Pacific
SST is still warming up during JJA in a typical El Nin˜o
year and reaches a maximum in SON, and atmospheric
circulation anomalies associated with the ENSO SST
anomalies are the major (initial) cause for the observed
dramatic precipitation changes in the Tropics and mid-
latitudes during ENSO years (Rasmusson and Carpenter
1982; Trenberth and Guillemot 1996).
We also find that ENSO is not a significant mode of
precipitation variation for northern mid- to high lati-
tudes (408–758N), while it is the first leading mode and
accounts for ;9% of the total variance of annual pre-
cipitation in low latitudes (308S–308N, mostly land).
From the perspective of monitoring non-ENSO sig-
nals such as anthropogenic greenhouse effects in global
precipitation fields, the above seasonality of the ENSO
Figure 2.12: Temporal coefficients (top; solid line) and spatial pattern (bottom) of the first leading EOF of annual
precipitation anomalies. Also shown (dashed line) is the bimonthly SST anomalies over the equatorial Pacific, which
are associated with ENSO (Wright, 1984). Please note to the top that both timeseries are strongly correlated each
other. From Dai et al. (1997).
Noticeable differences have been detected between El Niño and La Niña episodes in both,
time evolution (Larkin and Harrison, 2002; Ohba et al., 2010; Okumura and Deser, 2010) and
spatial signature. Related to the later are the two main SST patterns associated with ENSO, usually
known as Eastern Pacific (EP or cano ical) and Central Pacific (CP, Modoki, r dateline; see
Trenberth and Stepan ak (2001); Kao a Yu (2009)). They a e representative of the most intense
El Niño and La Niña events respectively, and are artially explain d by the non-linearities of the
ENSO phenomenon (Dommenget et al., 2013). In particular, a series of publications have found
a non-linear response of zonal winds in the central Pacific to SST anomalies (Kang and Kug,
2002; Philip and van Oldenborgh, 2009; Frauen and Dommenget, 2010). Regarding their impacts,
discernible differences in relation to EP and CP events have been detected (Kug et al., 2009; Kao
and Yu, 2009; Choi et al., 2011). Those associated with the NAE sector are also investigated along
this thesis (López-Parages et al., 2015b).
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Different ways of measuring the strength of ENSO are used (Trenberth, 1997). For El Niño
(oceanic component), the most common practice is to average the SST over certain regions of
the tropical Pacific, which are named as NIÑO1+2, NIÑO3, NINO4, and NIÑO3.4. The latter
is calculated over the central Pacific (5oS-5oN,170oW-120oE; see rectangle in Figure 2.11a) and
it is considered a convenient index to analyse El Niño time evolution (Sterl et al., 2007). These
SST-based indices are statistically positive for El Niño phase and negative for La Niña phase.
Other indices are also calculated to measure the Southern-Oscillation (atmospheric component of
ENSO). The Southern Oscillation Index, defined as the standarised SLP difference between Tahiti
(17oS, 149oW) and Darwin (12oS, 130oE), is frequently used. Contrary to the oceanic indices,
positives values of SOI are related to La Niña episodes and negative values to El Niño ones.
ENSO events occur every few years, with periodicities that change from two to seven years
(Philander et al., 1989), and a time length around a year or occasionally more (Allan and D’Arrigo,
1999). As it is previously noted, it is considered the globally dominant mode at interannual
timescales. Nevertheless, ENSO varies from interannual to multiannual, or even interdecadal
timescales, being the latter usually referred to as ENSO-like variability or Inter-decadal Pacific
Oscillation (IPO). This low frequency variability of ENSO, which is not completely understood by
the scientific community, is analysed in more detail in the next subsection.
2.3.2 Decadal and Multidecadal Ocean Variability
Along this thesis, it is exposed how the SST mean state, which is assumed here as a synonym of
SST background state or SST climatology, can be of great importance for the ENSO-NAE telecon-
nection. In particular, it is analysed the influence of oceanic low frequency variability modes, such
as the Atlantic Multidecadal Oscillation (Kerr, 2000), or the Pacific Decadal Oscillation (Mantua
et al., 1997), in the aforementioned link. It is worth clarifying that, as this study is focused on
interannual timescales, decadal and multidecadal SST variability is considered here as variability
of the SST mean state.
2.3.2.1 Atlantic Multidecadal Oscillation
Atlantic Multidecadal Oscillation (AMO) is a natural SST variability mode occurring in the At-
lantic basin, being identified as a coherent large-scale pattern with a time period of about 50-70
years (Kerr, 2000; Enfield et al., 2001; Knight et al., 2005). Its positive (negative) phase is char-
acterised by warmer (cooler) than average SSTs over the North Atlantic Ocean (Figure 2.13; top).
Positive AMO phases have been detected in late 19th century, the middle decades of the 20th
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Figure 2.13: (a) Regression pattern of monthly SST anomalies (after removing the global mean SST anomaly) on
a North Atlantic SST Index, based on the HadISST data set during 1870–2008. (b) The North Atlantic SST Index,
defined as the average monthly SST anomaly over the North Atlantic (0o-70oN) minus the global mean monthly SST
anomaly (red and blue bars). The green line depicts an estimate of the natural (e.g., not due to forcing external to the
ocean-atmosphere system) component of the 10-year low-pass-filtered North Atlantic SST index. From Deser et al.
(2010).
century, and the beginning of the present century; whilst negative AMO phases are found in the
beginning of the 20th century and during the 1970’s and 1980’s (Figure 2.13; bottom).
Although the origin of AMO is not yet fully understood (Dima and Lohmann, 2007; Gulev
et al., 2013), AMO-like oscillations have been found in long time series records (Delworth and
Mann, 2000; Gray et al., 2004; Chylek et al., 2010, 2012) and in long control simulations of some
climate models (Mahajan et al., 2011; Delworth and Zeng, 2012; Wei and Lohmann, 2012; Yang
et al., 2013; Zhang et al., 2013), both pointing out to a connection with the AMOC (Latif et al.,
2004; Knight et al., 2005; Medhaug and Furevik, 2011; Zhang et al., 2013). However, an alternative
theory relating SST variability to fluctuations in atmospheric concentrations of anthoropogenic and
natural aerosols have been also proposed in the last years (Evan et al., 2009; Booth et al., 2012).
AMO seems to be associated with changes all over the world, and it is considered as a dominant
factor of oceanic influence on current global warming (Chylek et al., 2014). Over the NAE sector,
AMO is associated with multidecadal changes in hurricane activity over the Atlantic (Zhang and
Delworth, 2006; Trenberth and Shea, 2006; Knight et al., 2006), and with summertime climate
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Figure 2.14: (a) The leading empirical orthogonal function (EOF) of monthly SST anomalies over the North Pacific
(after removing the global mean SST anomaly) based on the HadISST data set during 1900–2008. Although the EOF
calculation was restricted to the North Pacific (region outlined by the black rectangle), the pattern is displayed globally
by regressing the monthly SST anomalies at each location on the principal component (PC) time series. (b) Associated
PC time series showing the unsmoothed record (red and blue bars) and the 5-year running mean record (black line).
From Deser et al. (2010).
of North America and western Europe (Sutton and Hodson, 2005). A link with the occurrence
of wintertime Euro-Atlantic blocking has been also suggested by Häkkinen et al. (2011), which
could be related to the decadal variations in northern extratropical jet variability recently found by
Woollings et al. (2014).
2.3.2.2 Pacific Decadal Oscillation
Pacific decadal and interdecadal variability has been defined in different ways by different authors
and using different indices over different parts of the Pacific Ocean. According to this, the Inter-
decadal Pacific Oscillation (IPO or ENSO-like decadal variability) is the main basin-wide mode
of SST variability in the whole Pacific basin at decadal timescales (Zhang et al., 1997); whilst the
Pacific Decadal Oscillation (PDO, Figure 2.14) is the leading EOF mode of SST over the North
Pacific (Mantua et al., 1997). This decadal variability of Pacific SSTs was discovered in relation to
2.4 ENSO-NAE teleconnection 19
cyclical variations in salmon and other fisheries in the mid 1990s (Hare and Francis, 1995; Zhang
et al., 1997; Mantua et al., 1997). The physical underlying mechanism is still unclear (Mantua and
Hare, 2002) but it is considered by several authors as an internal mode involving tropical and mid-
latitudes air-sea processes of the coupled ocean-atmosphere system (Desser et al., 2004; Meehl
and Hu, 2006; Meehl et al., 2009). The PDO is dominated by decadal periods of about 30 years,
and its positive (negative) phase is associated with a warming (cooling) in the tropics and a cooling
(warming) in the North Pacific Sector. It is over this area were the most notable impacts of PDO
have been found (Mantua et al., 1997; Minobe, 1997), occurring through changes in the location
and intensity of the Aleutian low.
There have been found positive PDO phases from about 1915 to 1945, negative from about
1945 to 1976, positive again from 1977 to 1999, and finally a new negative phase from 1999 to the
present. In particular, the change of PDO phase in 1977 has been related to the widely analysed
1976/1977 Climate Transition or Climate Shift (Nitta and Yamada, 1989; Trenberth, 1990; Miller
et al., 1994; Graham, 1994), which exerted a modulating effect on ENSO variability and related
teleconnections (Gershunov and Barnett, 1998).
2.4 ENSO-NAE teleconnection
A significant influence of El Niño-Southern Oscillation over the NAE is not completely accepted
by climate researchers, being much less understood than that over the tropics (Harrison and Larkin,
1998; Alexander et al., 2002; Diaz and Markgraf, 2000; Wang and Picaut, 2004; Wang, 2004;
McPhaden et al., 2006) and the North Pacific - American Continent (Trenberth et al., 1998) due
to the large internal variability of the circulation over the North Atlantic (Quadrelli and Wallace,
2002). Related to this, European climate variability has been mainly linked to internal processes
(Van Loon and Rogers, 1978; Wallace and Gutzler, 1981) and SST signatures (Czaja and Frankig-
noul, 1999; Drévillon et al., 2001; Rodwell and Folland, 2002; Rodríguez-Fonseca and de Castro,
2002; Rodríguez-Fonseca et al., 2006) associated with the NAO.
Nevertheless, several studies have found a consistent and statistically significant ENSO sig-
nal on the NAE climate (Fraedrich and Müller, 1992; Moron and Plaut, 2003), specially in late
winter and early spring seasons, when El Niño (La Niña) tends to be accompanied by a negative
(positive) NAO-like pattern (Figure 2.15). This fact does not mean that ENSO effect should be
simply described in terms of NAO even though its surface signature may be reminiscent of the
NAO pattern (García-Serrano et al., 2011). Indeed, the two leading modes of anomalous stream-
function at upper troposphere over the NAE found by these authors are associated with ENSO and
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Figure 2.15: Left, PDFs of the normalised FM-mean NAO indices for El Niño (red), La Niña (blue) and all winters
(grey) in the CM2.1 simulation. Right, scatterplot of normalised DJF-mean Niño3 index vs normalised FM-mean
NAO index for the 2000 years CM2.1 dataset. Taken from Li and Lau (2012).
the internal NAO, representing two well differentiated teleconnection dynamics (Figure 2.16), a
distinction that has been supported by several works (Van Oldenborgh et al., 2000; Rodwell and
Folland, 2002; Wang, 2002a; Deweaver and Nigam, 2002).
ENSO influence on the NAE climate via the troposphere is mainly explained by (1) changes
in the thermally driven direct circulation in relation to variations in the anomalous convection, and
(2) changes in the rotational flow by the modification of the planetary vorticity and hence, the
triggering of extratropical Rossby waves.
Regarding the former, moisture-laden air converges onto the warmest regions of the Earth’s
surface, where the air rises and condenses, causing widespread cloudiness and heavy precipitation.
Elsewhere, subsidence of air from the upper troposphere occurs, preventing the clouds growing and
so, a substantial rainfall. As it is described in Section 4.1, these thermally driven circulations occurs
in zonal and meridional directions through changes in the Walker and Hadley cells respectively.
Therefore, when an ENSO episode occurs, the normal conditions of this direct circulation are
perturbed by the Southern Oscillation (or atmospheric component of ENSO). As a consequence,
six anomalous centers of action of velocity potential can be identified (see Figure 2.17): three over
the equator (western Pacific, eastern Pacific, and Atlantic) and three over mid latitude regions (west
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Figure 2.16: Regression maps of geopotential height (ERA40) at 200 hPa (Z200; top), 500 hPa (Z500; second row),
1000 hPa (Z1000; third row), and SST (bottom; ERSST), onto the leading (left) and second (right) PC obtained
from an EOF analysis of the 200hPa anomalous winter streamfunction over the NAE region (5oS-80oN/90oW-40oE).
Magnitudes correspond to one std dev of the time series. Modified from García-Serrano et al. (2011).
Pacific, near Caribbean Sea, and Europe). These centers along the globe represent a weakening (for
El Niño events; strengthening for La Niña events) of the previous mentioned Pacific and Atlantic
Walker circulations, and its related anomalous Hadley cells at subtropical latitudes (Wang, 2002a;
Wang and Picaut, 2004), respectively. According to this, it is well established that El Niño (La
Niña) affects the tropical Atlantic and weakens (reinforces) the Atlantic Hadley circulation (Ruiz-
Barradas et al., 2003; Wang and Picaut, 2004). As a consequence, the Azores high and the related
westerlies are affected, and the climate variability over the NAE changes. This impact seems to
depend on SSTs over the TNA, as it has been proposed by several authors (Mathieu et al., 2004;
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Figure 2.17: Left, 200 mb velocity potential and divergent wind response during the mature phase of El Niño (Novem-
ber to January). Right, schematic diagram showing how the Pacific El Niño affects the TNA. From Wang (2002a).
Pozo-Vázquez et al., 2001a; Gouirand and Moron, 2003; Sutton and Hodson, 2003). Related
to this, two recent studies by Sung et al. (2013) and Ham et al. (2014), based on observations
and Global Circulation Models (GCM), suggest that SST conditions in late winter over the TNA
control the NAO-like reponse associated with ENSO. Thus, for El Niño events the warm TNA
SSTs intensify the negative NAO-like response and viceversa. A similar modulation is found
for La Niña teleconnection, for which a positive NAO-like pattern seems to be stronger under
cold TNA SST conditions. These features do not occur, however, if El Niño (La Niña) does not
continue throughout January-February-March, as in this case, the atmospheric bridge connecting
Pacific and Atlantic basins is not persistent enough to induce changes over the TNA (Sung et al.,
2013). A nonlinear response of ENSO over the NAE in relation to that on the Northern Hemisphere
circulation has been also found (Wu and Hsieh, 2004; Pozo-Vázquez et al., 2005a).
Regarding the rotational flow, the most accepted dynamical mechanism which explains the
ENSO-North Atlantic tropospheric teleconnection implies the disturbance of the Aleutian low
through changes on the Pacific Hadley circulation in early and mid winter, and then the downstream
propagation of Rossby wavetrains across North America from January (Honda et al., 2001; Moron
and Gouirand, 2003). It is from this month when the canonical Tropical Northern Hemisphere pat-
tern (TNH), which is organised in three centers of actions along the North Pacific-American sector
(Mo and Livezey, 1986; Barnston and Livezey, 1987; Livezey and Mo, 1987; Trenberth et al.,
1998), is completely established (Bladé et al., 2008), together with a split of the Rossby wavetrain
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impacting over Eurasia (Karoly et al., 1989). Hence, the resultant rotational atmospheric response
to ENSO forcing is formed by a TNH-like pattern and the above-mentioned split of the wavetrain,
revealing a quasi barotropic structure, and representing the leading rotational mode of upper level
streamfunction in the NAE (García-Serrano et al., 2011). Several authors suggest that synoptic ed-
dies play an important role in maintaining or amplifying this stationary wave disturbance over the
North Atlantic associated with ENSO (Merkel and Latif, 2002; Pohlmann and Latif, 2005). There-
fore, slight changes in the stationary planetary waves could induce strong variations in baroclinicity
over Newfoundland and the surrounding areas, influencing in that way the growth conditions of
tropospheric eddies and so, the storm track activity over the whole North Atlantic (Fraedrich and
Müller, 1992; Cassou and Terray, 2001b; Raible et al., 2004). Thus, an effective and persistent
ENSO teleconnection with the NAE, being considered as a downstream effect, may comprise in-
teractions between different scales of flow (Martineu et al., 1999; Alpert et al., 2006). According
to this, Cassou and Terray (2001a,b) suggest that the transient eddy feedback on the mean flow
might promote an asymmetric response over the NAE between El Niño and La Niña episodes.
It is worth noting how the aforementioned TNH pattern, which appears due to the tropical
forcing associated with ENSO, sometimes resembles an eastward shifted version of the Pacific
North American teleconnection pattern (PNA). The latter is, however, considered as a natural
internal mode of the atmosphere (Barnston and Livezey, 1987), but seems to be also partially
forced, as approximately 51% of the PNA occurrences coincide with ENSO (Bonsal and Shabbar,
2011). Considering therefore that PNA is related to both, intrinsic and forced variability, along this
thesis it is more frequently used the TNH as the pattern characterizing the Northern Hemisphere
response associated with ENSO. In either case, it is convenient to observe how the interevent
variability of ENSO is large, and so, the use of these canonical patterns must be used for guidance
only.
A global teleconnection pathway from the Pacific region to Europe via the stratosphere has
also been showed (Ineson and Scaife, 2009). This stratospheric mechanism, which likely plays an
important role in improving seasonal forecast over the NAE sector (Butler et al., 2014), implies
the upward propagation of planetary waves from the troposphere to the stratosphere in winter, a
weakening of the stratospheric polar vortex (Manzini et al., 2006; Garfinkel and Hartmann, 2008),
and a more frequent occurrence of the so-called sudden stratospheric warmings (SSWs). It is
worth mentioning how the latter are preceded by blocking events, which in turn are modulated
by ENSO. Furthermore, as it has been recently found, the SSWs episodes are crucial for CP El
Niño events, whose polar stratospheric response can be the opposite depending on whether the CP
El Niño occurs in winters with or without SSWs (Iza and Calvo, 2015). Finally, the anomalous
stratospheric perturbations are downward propagated to the troposphere in late winter (Ineson and
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Figure 1. Schematic of possible pathways by which ENSO can
influence the northern extratropics.
Figure 2.18: Schematic of possible pathways by which ENSO can influence the northern extratropics. From Butler
et al. (2014).
Scaife, 2009; Cagnazzo and Manzini, 2009; Bell et al., 2009), the characteristic season for which
the ENSO-NAE link via the troposphere is also stronger. This possible simultaneity makes difficult
to distinguish the tropospheric and stratospheric signal over the North Atlantic (Figure 2.18). It
is also interesting to note that extratropical stratospheric response of ENSO seems to interact in a
non-linear way with other sources of variability such as the quasi-biennal oscillation (QBO) and
the 11 year solar cycle, which makes difficult the isolation of each individual contribution (Calvo
and Marsh, 2011). Thus, more research is still needed in this area.
The above described characteristics of climate variability over the North Atlantic highlights
the complexity of finding a robust signal detection of ENSO, which is related to the poor skill of
current seasonal forecast systems over Europe (Van Oldenborgh and Burgers, 2005). However,
the available literature point to a robust ENSO response (Brönnimann, 2007), seasonal dependent
(Moron and Gouirand, 2003; Mariotti et al., 2002), and possibly nonlinear (Wu and Hsieh, 2004;
Pozo-Vázquez et al., 2005a). Moreover, the relation between ENSO and the NAE seems to had not
been stationary in time (Knippertz et al., 2003; Sutton and Hodson, 2003; Gouirand and Moron,
2003; Greatbatch et al., 2004). Hence, the seasonal predictability of European climate through
ENSO might be variable and much greater than expected, at least, for specific time periods. Thus,
the need for stronger effort to characterise, quantify, and understand this possible non-stationary
link between ENSO and the NAE at interannual timescales is needed. This issue, which is intro-
duced with more details in the next subsection, is the main objective of the present thesis.
2.4.1 Non-stationary behaviour
The changing signal identified over the North Atlantic during ENSO years could be attributed
to the chaotic behavior of the atmosphere system (internal variability), or to a cause and effect
relationship associated with an external forcing. In the latter case, two plausible reasons arise: (1)
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Figure 2.19: Linear regression of NCEP-NCAR SLP (contours) and 1000mb temperature (color shading) against the
SOI index during 1958-1977 (left) and 1978-1997 (right). From Greatbatch et al. (2004).
a changing ENSO forcing and (2) a changing propagation mechanism of ENSO signal from the
Pacific towards the North Atlantic.
Regarding the non-stationary ENSO forcing associated with SSTs, Greatbatch et al. (2004)
suggest that the ENSO-related signal emerging from the tropics was 2 or 3 times stronger in am-
plitude in 1978-1997 time period than before (1958-1977), which might lead to different impacts
in Europe (Figure 2.19). This fact could be explained by the changes along the 20th century in the
strength of ENSO (Sutton and Hodson, 2003; Torrence and Webster, 1998) and by the existence of
different ENSO modes before and after the 1970s Climate Shift (An et al., 2006). According to the
latter, Larkin and Harrison (2005) find a different signal of ENSO over Europe depending on the
location of the stronger SST anomalies (in the eastern or in the central tropical Pacific). Related to
this, EP and CP ENSO events have in recent years caught quite some attention, specially due to the
possibility that they could be excited by changes in the background state (Fedorov and Philander,
2000; Wang and An, 2002; An et al., 2006; Yeh et al., 2009; Choi et al., 2011; Chung and Li,
2013), being the aforementioned 1970s Climate Shift one of these changes.
It is also interesting that these distinguishable El Niño events, which are controlled by distinct
dynamics (Ashok et al., 2007), seem to impact differently at extratropical latitudes, being however
the available papers not coherent among them. Thus, while Hegyi and Deng (2011) find that
CP warm events leads to an anomalous ridge (opposite to canonical warm events) over the North
Pacific, Graf and Zanchettin (2012) find that they lead to an anomalous trough in the same area
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(even stronger than canonical warm events). As a consequence, the former authors associate CP
warm events with the positive phase of the AO, while the latter authors associate it with a negative
NAO. In addition, the role of the background state in favouring the occurrence of EP and CP ENSO
events, and their related non-stationary impacts on extratropical regions such as the NAE, is still
far to be completely understood. It is also appropriated to note how remote impacts associated
with tropical convection are sensitive to absolute rather than anomalous values of SST and so,
spatial displacements of those areas where deep convection take place could depend on, not only
the anomalous ENSO signal, but also the underlying SST background state.
Regarding the non-stationary propagation of ENSO signature, Sutton and Hodson (2003)
provide strong evidences about that the influence of the oceans on interannual variability in the
North Atlantic has been important from 1871 to 1999 except for central decades of the 20th cen-
tury, attributing this changing influence to, not only the varying ENSO variability (Torrence and
Webster, 1998), but also the multidecadal variation in Atlantic Ocean SSTs (Kerr, 2000). Although
they consider these two causes as independent among them, the possibility that they may be related
in some way is also noted. A similar idea is proposed by Dong and Sutton (2002), who suggest
that slow variations in the Atlantic thermohaline circulation could modulate ENSO. Finally, Kang
et al. (2014) recently demonstrate that there is an AMO influence on the basic state in the tropical
Pacific and, as a consequence, on ENSO. A remaining question is if the low frequency ocean vari-
ability of the Atlantic (or other ocean basins) could also modulate the propagation of the ENSO
signal and not only the ENSO phenomenon itself.
As described in Section 4.2.1, propagation of extratropical Rossby waves strongly depend
on the intensity and spatial configuration of the zonal mean flow. Thus, in those regions where
jet-streams are weak the perturbations are meridionally propagated describing an arching pattern;
whilst in those regions where jet-streams are intense the planetary waves are efficiently trapped
in the zonal flow describing a global hemispheric pattern (Hoskins and Karoly, 1981; Bransta-
tor, 1983, 2002; Hoskins and Ambrizzi, 1993; Ambrizzi et al., 1995). Considering that extrat-
ropical jetstreams are partially caused by the meridional gradient of temperature in the Earth’s
atmosphere (see Equation 2.1), a change in their spatial configuration and so, an alteration in
tropical-extratropical teleconnections through Rossby waves, is expected if the underlying surface
temperatures vary along the time. According to this, the changing ENSO signal over NAE sector
identified in previous studies could be partially explained by variations in the preferential path-
ways of Rossby wavetrains from the tropical Pacific to the North Atlantic, which in turn could be
modulated by low frequency changes in the underlying SSTs.
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Figure 2.20: The 25 year running correlations between winter (DJF) NIÑO3 index and spring (MAM) precipitation
for several Moroccan and Norwegian stations for the period from 1900 to 1990. The correlation value is assigned
to the middles of the 25 year windows. Only periods for which at least 15 years of data are available were plotted.
Vertical black lines indicate the limits of the investigation periods chosen. The correlation value for each period is
given in the respective figure. Asterisks indicate significance at the 95% (*) and 99% levels (**). From Knippertz
et al. (2003).
As it was disclosed before, many studies point to a non-stationary link between ENSO and
the NAE sector. Regarding a changing impact in precipitation, Knippertz et al. (2003) distin-
guish three periods representing different characteristics with regard to the relation of ENSO with
European-North African rainfall and the NAO: 1900-1925 and 1962-1987 which display similar
signatures, and an anomalous period from 1931 to 1956 (Figure 2.20). This changing link basically
agrees with Mariotti et al. (2002), who found a variable impact of ENSO over western Mediter-
ranean rainfall. However, the possible modulating factor of these non-stationary features is still
unknown. Zanchettin et al. (2008) attribute a changing ENSO-related response in European win-
tertime rainfall, specially in central Europe, to multidecadal phases of the PDO/IPO. Nevertheless,
they also suggest the need to reduce the degrees of freedom of this type of problems involving dis-
tinct dynamics occurring at different timescales. To that end they propose, for instance, to isolate
the timescales we are interested in by a filtering procedure, or to focus the analysis just on a few
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empirical orthogonal functions. However, it cannot be ruled out that these variable features could
reflect stochastic fluctuations rather than long-term physical changes in the climate system, as it is
noted by Knippertz et al. (2003). Furthermore, several studies speculate that these non-stationary
behaviours, specially those identified before an after the 1970s Climate Shift might be an arte-
fact due to the low observational coverage prior the 1970’s, and specifically, the lack of satellite
data. This implies that many of the studies carried out along the last 20 years are based on re-
analysis covering both, the pre-satellite and post-satellite periods, which could introduces spurious
non-stationary features.
Related to this Van Oldenborgh and Burgers (2005) find little evidence for a changing be-
haviour of ENSO teleconnections with global precipitation during the instrumental period, but
with the possible exception of Europe. However, other studies based on Global Circulation Cli-
mate Models (GCM) point to a true non-stationary link. Raible et al. (2001) observe two decadal
regimes for NAO-variability in ECHAM4 model simulations, being only one of them linked to
ENSO. They attribute this fact to a non-stationary mode with a PNA pattern and connections with
the tropics and the North Atlantic. A variable link between PNA and NAO in both, observations
and multicentury coupled GCM simulations, is found by Pinto et al. (2011). Considering that PNA
is closely related to ENSO variability, this fact also addresses to a non-stationary link between
ENSO and the NAE sector.
As it has been exposed along this section, a large amount of works point to non-stationary
signatures of ENSO on extratropical latitudes. However, a physical explanation for the possible
underlying mechanisms has been little analysed in the available literature. In particular, the role
that ocean mean state could play as modulator of ENSO teleconnection with extratropical climates
has been disregarded along the last decades. As a consequence, nowadays, the assumption of
stationary predictor-predictand relationships is still usually considered, which could be crucial for
those regions where the skill of seasonal forecast systems is poor, as is the case of Europe and the
Mediterranean region.
3
Objectives
In view of the state of the art described in the previous chapter, the general objective of the present
thesis is to shed light on a possible non-stationary behaviour of the ENSO teleconnection with the
NAE climate, with special attention to the impact on European and Mediterranean rainfall (denoted
in this thesis as EMedR) in late winter and early spring.
This general objective is divided into the following specific goals:
1. To detect the leading EMedR variability mode and its relation to ENSO in the observa-
tional record.
• Is this relationship stationary in time?
2. To analyse the physical mechanisms associated with the teleconnection between ENSO
and the leading EMedR mode and its evolution in time.
• Which dynamical mechanisms could explain a changing teleconnection?
• Could these non-stationary features be attributed to a modulation associated with vari-
ations in the ocean background state?
3. To evaluate the internal contribution, associated with the coupled ocean-atmosphere
climate system, to the stationarity of the teleconnection between ENSO and the leading
EMedR mode.
• Is the observational ENSO-related impact on the leading EMedR mode reproduced in
absence of external forcings?
• Is the teleconnection between ENSO and the leading EMedR mode non-stationary un-
der these circunstances?
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• Which is the modulating factor and associated mechanisms?
4. To assess the ENSO-related impact over Europe and the Mediterranean region for dis-
tinct ENSO forcings and SST mean states.
• Which differences in the atmospheric response are identified between El Niño and La
Niña episodes?
• Which differences in the atmospheric response are identified between Central Pacific
and Eastern Pacific events?
• Which differences in the atmospheric response are identified between normal and strong
ENSO events?
• How sensitive are all these ENSO-related responses to the underlying SST background
state?
4
Basic Concepts of Atmospheric
Teleconnections
I want to know (...) I want to know where the wind comes from
Quiero saber (...) Quiero saber de donde viene el viento
Dalton Trumbo,
Spartacus
As it has been previously noted the concept of atmospheric teleconnection is related to link-
ages over great distances of seemingly disconnected weather anomalies. These teleconnections
are interesting on its own, but those associated with SST processes are of special importance. The
reason lies in the tendency of the oceans to transfer more slowly the heat with its surroundings
than others climate subsystems, like the atmosphere. This thermal inertia of the oceans provides
a forecast tool that could be used by decision-makers to mitigate the impacts, or even to take ad-
vantage of teleconnected climate events. This predictive capability on seasonal, annual, or even
decadal timescales, is considered as an important matter for the climate research community.
The region where a teleconnection is triggered is known as forcing area, and in case of an
ocean-related teleconnection, it is usually associated with zones of strong ocean-atmosphere in-
teractions. In these regions, intense vertical movements of the air take place, causing changes at
the upper troposphere. As a result, relative pressure differences between surface and upper levels
produce a baroclinic structure of the atmospheric column. As a consequence, different interac-
tions occur in zonal and meridional directions due to changes in the divergent (or irrotational)
and the non-divergent (or rotational) flow, which induce variations on distant regions. Thus, an
atmospheric teleconnection is established.
In the next subsections the theoretical framework supporting the tropical-extratropical tele-
connetions mechanims (such as that related to ENSO-NAE link), is thoroughly described in terms
of divergent and rotational flow. This separation of the rotational and the divergent parts of the
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total horizontal wind ~V is afforded by the two-dimensional Helmholtz theorem (Mancuso, 1967;
Krishnamurti, 1971; Krishnamurti et al., 1973; Stephens and Johnson, 1978; Sardeshmukh and
Hoskins, 1985, 1987):
~V = ~Vψ + ~Vχ (4.1)
~V = ~k ×5ψ +5χ (4.2)
being ψ the streamfunction, χ the velocity potential, ~k the local unit normal vector, and 5
the horizontal gradient operator.
4.1 Divergent circulation
Velocity potential, χ, is a scalar potential related to non-rotational fields, which in turn are as-
sociated with atmospheric vertical motions. This magnitude can be expressed by the continuity
equation in the isobaric system (Holton, 1992) as:
5 · ~Vχ + ∂ω
∂p
= 0 (4.3)
ω(p) =
∫ ps
p
(5 · ~Vχ)dp (4.4)
where ω is the vertical velocity in isobaric coordinates, p the pressure at a specific level in
the atmosphere, and ps the pressure at surface.
According to this, in the tropics, where atmospheric and oceanic heating associated with
convection induces changes in the horizontal convergence and divergence, vertical movements in
the atmospheric column are driven (Equation 4.4.). A so-called deep-convection situation is found
if these vertical motions take air parcels from lower troposphere up to levels above 500hPa, which
generally requires SSTs exceeding a threshold of 26o-28o (Graham and Barnett, 1987). Under these
circumstances, low level convergence and upper level divergence occurs and, as a consequence, a
direct circulation is found in zonal and meridional directions. Thus, anomalous Walker and Hadley
Circulation Cells are established, respectively (see Section 2.1).
Considering the Equation 4.4, the atmospheric teleconnection mechanisms associated with
these thermally driven circulation cells, usually known as "atmospheric bridges", are best char-
acterized in terms of the divergent component of the flow (Figure 4.2). Thus, along this thesis,
those part of the ENSO-NAE link associated with changes in Walker and Hadley circulations are
described through variations in the velocity potential field, χ (see Section 5.1.3).
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Figure 4.1: The boreal winter (January) climatologies of tropospheric circulation patterns. Left, zonal-vertical circu-
lation cross section by averaging divergent wind and vertical velocity between 2.5oS and 2.5oN (left). Right, 500-mb
vertical velocity (10−4mbs−1). Modified from Wang (2002a).922
FIG. 4. Schematic diagram indicating some of the tropical changes
in large-scale vertical motion that accompany El Nin˜o events. Note
that this diagram is not meant to exclude changes in midlatitude
circulation that accompany El Nin˜o, which may impact the Tropics.
Figure 4.2: Schematic diagram indicating some of the tropical changes in large-scale vertical motion that accompany
El Niño events. From Klein et al. (1999).
4.2 Rotational Circulation
The definition of a purely non-divergent flow implies that 5 · Vψ = 0. According to this, and
neglecting the vertical advection and twisting terms, Vorticity Equation can be written (Holton,
1992) as:
d(ζ + f)
dt
+ (ζ + f)5 · ~Vχ = 0 (4.5)
where ζ represents the vertical component of the vorticity with respect to the Earth (the
relative vorticity), and f represents the planetary vorticity (Coriolis parameter). The sum of both,
ζ + f is known as absolute vorticity.
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Figure 4.3: Atmospheric response to an anomalous equatorial heating. From top to bottom: (1) surface winds (vectors)
and vertical velocity (contours), (2) surface winds (vectors) and SLP (contours), and (3) circulation along the equator.
From Gill (1980).
When ~V is decomposed into the rotational and the divergent part (see Equation 4.1), Vorticity
Equation can be stated as:
∂ζ
∂t
+ ~Vψ · 5(ζ + f) = −(ζ + f)5 · ~Vχ − ~Vχ · 5(ζ + f) (4.6)
where terms on the left describe the propagation of planterary waves, or Rossby Waves, and
terms on the right represent the so-called Rossby waves sources (Sardeshmukh and Hoskins, 1988;
Qin and Robinson, 1993).
In tropical latitudes, Rossby waves sources can be associated with upper-level divergence
induced by equatorial SST anomalies. The atmospheric response to this equatorial heating (Fig-
ure 4.3) is well captured by baroclinic models (Davey and Gill, 1987) and is characterised by a pair
of low (upper) level cyclones (anticyclones) located poleward and to the west of the heat source,
and low pressure that extends well to the east of the anomalous heating (Matsuno, 1966; Gill,
1980). This equatorial signal is associated with a kelvin wave travelling to the east, while the off
equatorial signature reflects the first centre of action of a extratropical Rossby wave moving to the
west. This response has a baroclinic structure. The resultant response at extratropical latitudes is,
however, barotropic. It is analysed in detail in the next subsection.
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Figure 4.4: Schematic illustration of the hypothesised global pattern of middle and upper tropospheric geopotential
height anomalies (solid lines) during a Northern Hemisphere winter which falls within an episode of warm SSTs in
the equatorial Pacific. From Horel and Wallace (1981).
4.2.1 Extratropical Wave Propagation
In extratropical regions, the previous described Gill-Matsuno model completely fails (Lee et al.,
2009), and the rotational flow is properly represented by a barotropic non-divergent model in which
the horizontal divergence 5 · Vχ ≈ 0 and so, according to Equation 4.4, vertical movements are
negligible (ω ≈ 0; Hoskins and Karoly, 1981; Branstator, 1983; Hoskins and Ambrizzi, 1993).
Under these circumstances, Equation 4.5 (and Equation 4.6) can be simplified as:
d(ζ + f)
dt
= 0 (4.7)
Thus, extratropical Rossby Waves are considered as alternating high and low pressure sys-
tems in which the absolute vorticity ζ + f is conserved (Figure 4.4). They are, in stationary
conditions, of order of the distance between the large scale semi-permanent troughs and ridges in
the middle troposphere (AMS Glossary, 2015).
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Recasting the vorticity in terms of streamfunction (ζ = 5ψ2), and considering a basic flow
with zonal wind only dependent on latitude, and no meridional wind:
d5 ψ2
dt
+ (β − ∂
2U
∂y2
)
∂ψ
∂x
= 0 (4.8)
where β represents the change of planetary vorticity with latitude (∂f
∂y
) and U the mean zonal
flow. Now, introducing a two dimensional wave-like form for streamfunction (ψ = ei(kx+ly−wt)),
results in the following dispersion relationship:
ω = kU − k β
k2 + l2
+ k
∂2U
∂y2
k2 + l2
(4.9)
for which the total wavenumber Ks, for stationary Rossby waves (ω = 0), is:
Ks
2 = k2 + l2 =
β − ∂2U
∂y2
U
(4.10)
being k and l the zonal and meridional wave numbers, respectively.
According to this, the angle α made by the Rossby wavetrain with the x axis (west-east
direction) is given by:
cosα =
k
Ks
= k
√√√√ U
β − ∂2U
∂y2
(4.11)
Therefore, according to the linear barotropic equation analysed here, extratropical Rossby
waves propagation highly depends on the intensity and spatial configuration of the surrounding
zonal mean flow U and, as a consequence, of the extratropical jet streams. As it is shown in
Branstator (2002), for those regions in which the jet is weak the disturbances tend to be arch
shaped, having a prominent meridional structure but much more limited zonal extend (bottom
in Figure 4.5). In these cases, Rossby waves associated with tropical adiabatic heating are ef-
ficiently propagated towards high latitudes, being refracted towards lower latitudes in the point
where Ks = k (cosα = 1). On the contrary, for those regions with strong zonal mean flow,
Rossby waves are organized in chains that stretch out in the zonal direction (top in Figure 4.5).
This waveguide effect of the zonal mean flow at upper troposphere, which has been thoroughly
analysed by several authors (Hoskins and Karoly, 1981; Branstator, 1983; Hsu and Lin, 1992;
Hoskins and Ambrizzi, 1993; Ambrizzi et al., 1995; Ding and Wang, 2005), plays an important
role for tropical-extratropical teleconnections. Hoskins and Ambrizzi (1993) show how Rossby
ray paths are refracted in a manner similar to that described by Snell’s law in Optics. According to
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Figure 4.5: Anomalous 300hPa streamfunction response of the AGCM NSIPP1 to equatorial heating at (top) 180W
and (bottom) 150W. See Branstator (2004) for details.
this, the radius of curvature of the Rossby waves pathway is given by the simple expression:
r =
Ks
2
k dKs
dy
(4.12)
Thus, as they demonstrate in the mentioned paper, Rossby rays are always refracted towards
latitudes with larger values of Ks (Figure 4.6a), being the curvature clockwise if Ks increases to-
wards the equator and anticlockwise if it increases towards the pole. Hence, Ks behaves like a
refractive index for stationary Rossby waves. As it is previously noted, if a Rossby wave reaches
a certain latitude YTL at which Ks = k (l = 0), it is reflected (Figure 4.6b). In addition, following
the notation of Figure 4.6b, given a local maximum in Ks, a planetary wave whose total wavenum-
ber is between Ks = K1 and Ks = K2, is trapped. This maximum in Ks provides, therefore, a
Rossby waveguide. And the higher this local maximum, the higher is the rank of allowed values
of wavenumber. Furthermore, according to Equation 4.11, if the spatial configuration of the mean
flow is such that Ks is high, cosα ≈ 0 and α ≈ pi2 , and hence, meridional propagation of Rossby
waves is favoured. This reasoning is used along this thesis to address whether the Rossby waves as-
sociated with ENSO are guided or not by the zonal mean flow at upper levels in a pathway towards
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Figure 4.6: Schematic Ks profiles and ray path refraction. In each panel, Ks is shown as a function of y and
schematic ray path shown by heavy lines with arrowheads. a) simple refraction; b) reflection from a turning latitude
YTL at which Ks = k; c) reflection of all wavenumbers before YB at which (β − ∂f∂y = 0); d) refraction into a critical
latitude YCL at which U = 0; e) waveguide effect of a Ks maximum. From Hoskins and Ambrizzi (1993).
the NAE sector. It is necessary to note, however, how this discussion in terms of a refractive index,
based on linear theory, is clearly inadequate in the so-called critical line, which is reached when
the wave phase speed matches the zonal wind speed and Ks becomes infinite. The reason is that
in the vicinity of this area the nonlinear effects become important (Warn and Warn, 1978; Brunet
and Haynes, 1996; Abatzoglou and Magnusdottir, 2006). Hence, the results obtained around this
critical line, which for stationary waves corresponds to the region where the westerly zonal wind
changes to easterlies (Lin et al., 2007), should be interpreted with caution.
5
Data and Methodology
To observe is to look at what is different among things which are similar.
To understand is to look at what is common among things which are different,
or in a compact way, to look for the minimum expression of the maximum sharing.
All human knowledge is an oscillation between observation and understanding.
Observar es mirar qué hay de diferente entre cosas que se parecen.
Comprender es mirar qué hay de común entre cosas diferentes,
o de manera compacta, buscar la mínima expresión de lo máximo compartido.
Todo conocimiento humano es una oscilación entre observación y comprensión.
Jorge Wagensberg Lubinski,
IV seminario de Creatividad e Inclusión social
In this section, the data used along this thesis, which are basically compounded by observations,
reanalysis, and simulated data from General Circulation Models, are described. Also, the different
techniques and methods applied to extract the information from climate variability, and to evaluate
the statistical significance of the results, are shown.
5.1 Data Description
Along the different studies that compose this thesis, the following types of data are analysed:
1. Data from Observations and Reanalyses.
2. Data from ocean-atmosphere coupled models.
3. Data from sensitivity experiments performed with an atmospheric general circulation model.
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5.1.1 Observational Data and Reanalyses
Along this thesis gridded data based on surface observations and reanalysed data are combined.
The former are based on measurements made from ships, buoys (both moored and drifting), and
real stations, representing, in principle, the real data. Complex regressions and interpolation meth-
ods are used to generate values on a regular grid from the irregular station network, which facil-
itate their use for climate research studies. However, these observational data at a global scale
are often inadequate due to the sparse coverage in space and time, and the lack of precision and
accuracy because of deficient instrumentation or maintenance. On the other hand reanalyses, for
which variable in time observations networks are integrated in a climate forecast model, provide
gridded datasets of many atmospherics and oceanic variables with a temporal resolution of a few
hours. These homogeneous reanalysed products have also problems, as the assimilation schemes
and resolution of different models, and the choice of observations, can produce some large differ-
ences among the distinct reanalyses databases. Particularly deficient are these data in those regions
where no observations are available, as they are determined only by the forecast model. Thus, con-
sidering that real data is somewhere between model outputs and observational measurements, a
combination of both, is often convenient.
Two main variables are used along this thesis to characterise the ENSO impact on Europe and
the Mediterranean: Sea Surface Temperature (SST) and precipitation. To avoid possible spurious
non-stationary features from non-homogeneous satellite data (see Section 2.4.1), SST and precipi-
tation databases based on: (1) gridded data based on surface observations, or (2) non satellite-based
re-analysed products, are considered.
Regarding SST, monthly mean values from the Extended Resconstructed Sea Surface Tem-
perature (ERSSTv3b; Smith et al. (2008)) and the Hadley Centre Sea Ice and Sea Surface Tem-
perature (HadISST; Rayner et al. (2003)) are used. The former data are based on historical ob-
servations from the International Comprehensive Ocean-Atmosphere Data Set (ICOADS), which
is probably the most complete and heterogeneous collection of surface marine data in existence.
The resultant ERSSTv3b database, for which statistical methods that allow stable reconstruction
using sparse data are applied, covers almost the whole globe (88oS-88oN), with a spatial resolution
of 2o longitude x 2o latitude, from 1854 to the present. In contrast to previous ERSST versions,
ERSSTv3b does not include satellite data, which prevent small residual biases. HadISST is ob-
tained by interpolation of observed data from Met Office Marine Data Bank (MDB), including also
observations from ICOADS where there were no MDB data. Sea ice data are taken from digitised
charts and microwave retrievals, among others. HadISST is also a very useful globally-complete
database in atmospheric research, being provided on a 1o longitude x 1o latitude grid, and covering
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Table 5.1: Description of the observational and reanalyses data used in this thesis
Variable Acronym Data set Resolution Time coverage Reference
Sea Surface
SST
ERSSTv3b 2o x 2o 1854 onwards Smith et al. (2008)
Temperature HadISST 1o x 1o 1870 onwards Rayner et al. (2003)
Precipitation PCP
Delaware 0.5o x 0.5o 1900-2008 Matsuura and Willmott (2009)
GPCC 0.5o x 0.5o 1901-2007 Schneider et al. (2008)
Sea Level
SLP
20CR 2o x 2o 1871-2010 Compo et al. (2011)
Pressure NCAR∗ 5o x 5o 1899-2009 Trenberth and Paolino (1980)
Zonal and
U,V 20CR 2o x 2o 1871-2010 Compo et al. (2011)
Meridional flow
∗ Only available for the domain 12.5oN-90oN.
a time period from 1870 to the present.
Regarding precipitation, the data used along this thesis are the rainfall data Version 3.02
from the University of Delaware (Delaware; Matsuura and Willmott (2009)) and the Full Data
Reanalysis Product Version 4 from the Global Precipitation Climatology Centre (GPCC; Schneider
et al. (2008)), being both of them based on quality-controlled in situ data from thousands of stations
world-wide. Delaware data, which spans 1900-2008 time period, is compiled from several updates
sources including the Global Historical Climatology Network (CHCN2), the GC-Net data (Steffen
et al., 1996), the National Center for Atmospheric Research (NCAR) daily India data, and the
South American monthly precipitation station records (Webber and Willmott, 1998), among others.
Full Data Reanalysis Product V4 (1901-2007) is based on all GPCC stations. Both databases,
Delaware and GPCC, are land-only monthly means interpolated in a 0.5o x 0.5o regular grid, which
make easy their use for many climate variability studies.
To address the dynamical mechanisms explaining the impact of ENSO over Europe and the
Mediterranean, additional variables besides SST and rainfall, are also needed. The 5o longitude
x 5o latitude resolution SLP dataset from NCAR (Trenberth and Paolino, 1980), which begins in
1899 and covers the northern hemisphere from 12.5oN to the North Pole, is used in this thesis.
Furthermore, atmospheric fields from the 20th century reanalysis V2 (20CR; Compo et al. (2011))
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provided by the NOAA/OAR/ESRL PSD (http://www.esrl.noaa.gov/psd/), are also widely used.
In particular, Sea Level Pressure (SLP) and horizontal wind (U and V components) are taken
from 20CR. This comprehensive global atmospheric circulation dataset, which is released in a 2o
longitude x 2o latitude global grid, spans the whole 20th century, assimilating only surface pressure
reports and using observed monthly sea surface temperature and sea ice distributions as boundary
condition. It is, therefore, a very useful tool for analysing large climatic anomalous series in model
validations and diagnostic studies.
5.1.2 Simulated data
Climate models could be defined as a mathematical representation of the processes that take place
in the climate system. They are based on well established physical and chemical principles, being
the equations derived from them so complex that they must be solved numerically. In general, the
equations are those for momentum, continuity, the equation of state, the thermodynamic energy
equation, and water vapor continuity, although simplified sets of governing equations may also
be used (AMS Glossary, 2015). Climate models provide a discrete solution in space and time.
Depending on the spatial resolution of the numerical grid the time step, which is the interval be-
tween one set of solutions and the next, varies: the finer the resolution the shorter the interval
between each computation. There is no perfect model for all purposes and so, depending on the
objective we were interested in, one type of models or others could be selected. Thus, consid-
ering the finite computational capacity, to select the processes that must be explicitly included in
the model compared to those that can be neglected or represented simplified, is an important skill
for modellers. Even for models with the highest resolutions, simplifications are needed. Further-
more, many processes are still not sufficiently well known to include their detailed behaviour in
models. As a consequence, to account for these processes not included explicitly in the model,
parameterizations are designed, being based on empirical evidence and/or theoretical arguments.
According to the previous paragraph, a way of differentiating between models is related to
the complexity of the processes they include. A global description of the climate system is pro-
vided by the General Circulation Models (GCMs), which simulate explicitly, with as much fidelity
as possible, the various processes occurring in the atmosphere, ocean, cryosphere and land surface
(Peixoto and Oort, 1992). In climate studies focused on tropospheric teleconnections and involving
timescales from interannual to multidecadal, GCMs are classically divided into Atmospheric Gen-
eral Circulation Models (AGCMs), Ocean General Circulation Models (OGCMs), and Coupled
General Circulation Models (CGCMs), depending on the physics they explicitly represent. As
it has been previously noted climate models also require some inputs derived from observations
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or other model studies, which depend on the type of model considered. Hence, for a model that
represents explicitly the physics of the atmosphere, the ocean and the sea ice information in the
form of boundary conditions should be provided. On the contrary, for an ocean model, the ocean
dynamics is explicitly included and the atmosphere information is provided. Along this thesis an
AGCM, and a set of CGCMs, are used to analyse the ENSO teleconnection with the European and
Mediterranean rainfall. They are thoroughly exposed in the next subsections.
5.1.2.1 pi-Control simulations from CMIP5 Models
The Coupled Model Intercomparison Project (CMIP) organised by the Working Group on Coupled
Modelling (WGCM) and involved in the World Climate Research Programme’s (WCRP), was cre-
ated in 1995 to provide a set of climate simulations, from different ocean-atmosphere-cryosphere-
land GCMs, in which some boundary conditions are standardised among the distinct models. In
this way research community can study the resultant outputs in a systematic way, which favor a
better understanding of the past, present, and future climate changes arising from either natural,
unforced variability or in response to changes in radiative forcing, in a multi-model context. From
1995 to the present time, different phases are developed: CMIP1, CMIP2, CMIP3, and the current
CMIP5. The CMIP5 protocol (Hibbard et al., 2007; Meehl et al., 2007), which was endorsed by the
12th Session of the WGCM, include two types of climate experiments: (1) long-term integrations
(century time scale) started from preindustrial conditions (pre-1850), and (2) decadal prediction
experiments (Meehl et al., 2009) initialised with observed ocean and sea ice conditions. In this
thesis, control simulations of the long-term integrations (hereinafter piControl) in which the pre-
1850 conditions are kept constant (quasi equilibrium), are analysed for 18 different CGCM models
(Table 5.2). This set of piControl simulations is a very convenient tool for assessing the processes
associated with internal coupled variability. For this reason, it is used in order to better understand
if the non-stationary ENSO-NAE teleconnection can be explained by internal variability of the
coupled ocean-atmosphere system (Chapter 6; see López-Parages et al. (2015a)). For complete
details about CMIP5 experimental phase please refer to Taylor et al. (2012). It is worthwhile to
note that a new CMIP6 phase is already designed in the WGCM 18th Session. Hopefully, it will
be available in the next future.
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Table 5.2: Description of CMIP5 models. From left to right: Number of model, Acronym of the model, pi-Control
simulation length, original horizontal resolution, atmospheric vertical layers, and references.
No Model Acronym∗
pi-Control Resolution Atmospheric
Reference
length (Lon x Lat) vertical layers
1 BCC-CSM1.1 500 2.8◦ 26 Xiao-Ge et al. (2013)
2 CanESM2 996 2.8◦ 40 Chylek et al. (2011)
3 CCSM4 501 1.3◦ x 0.9◦ 27 Gent et al. (2011)
4 CNRM-CM5 850 1.4◦ 31 Voldoire et al. (2013)
5 CSIRO-Mk3.6.0 500 1.9◦ 18 Rotstayn et al. (2010)
6 GISS-E2-R 550 2.5◦ x 2.0◦ 40 Schmidt et al. (2014)
7 GISS-E2-H 540 2.5◦ x 2.0◦ 40 Schmidt et al. (2014)
8 FGOALS-g2 700 2.8◦ 26 Bao et al. (2013)
9 HadGEM2-CC 240 1.9◦ x 1.3◦ 60 Martin et al. (2011)
10 HadGEM2-ES 575 1.9◦ x 1.3◦ 38 Martin et al. (2011)
11 INM-CM4 500 2.0◦ x 1.5◦ 21 Volodin et al. (2010)
12 MIROC5 670 1.4◦ 40 Watanabe et al. (2010)
13 MIROC-ESM-CHEM 255 2.8◦ 80 Watanabe et al. (2011)
14 MPI-ESM-LR 1000 1.9◦ 47 Giorgetta et al. (2013)
15 MRI-CGCM3 500 1.1◦ 48 Yukimoto (2011)
16 NorESM1-M 501 1.9◦ 26 Bentsen et al. (2013)
17 IPSL-CM5A-LR 1000 3.8◦ x 1.9◦ 39 Dufresne et al. (2013)
18 MIROC4h 240 0.6◦ 56 Sakamoto et al. (2012)
∗ From top to bottom, in order of appeareance, the institutions involved are: Beijing Climate Center, China Mete-
orological Administration; Canadian Centre for Climate Modelling and Analysis; National Center for Atmospheric
Research; Centre National de Recherches Meteorologiques / Centre Europeen de Recherche et Formation Avancees en
Calcul Scientifique; Commonwealth Scientific and Industrial Research Organisation in collaboration with the Queens-
land Climate Change Centre of Excellence; NASA Goddard Institute for Space Studies; LASG, Institute of Atmo-
spheric Physics, Chinese Academy of Sciences, and CESS, Tsinghua University; Met Office Hadley Centre; Institute
for Numerical Mathematics;Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute
for Environmental Studies, and Japan Agency for Marine-Earth Science and Technology; Japan Agency for Marine-
Earth Science and Technology, Atmosphere and Ocean Research Institute (The University of Tokyo), and National
Institute for Environmental Studies; Max Planck Institute for Meteorology (MPI-M); Meteorological Research Insti-
tute; Norwegian Climate Centre; Institut Pierre-Simon Laplace.
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5.1.2.2 Sensitivity Experiments
Modeling studies in which the response of a climate model to some known or hypothetical change
in a forcing is analysed, are called as Climate sensitivity experiments. In this thesis an AGCM is
used in order to analyse the atmospheric response to specific anomalous SST patterns, being these
prescribed SSTs therefore the boundary conditions of our experiments. An inherent limitation of
these sensitivity experiments is the assumption of an infinitive calorific capacity of the ocean ther-
mal source, that is, the prescribed SST pattern. Another non-realistic feature is the absence of
air-sea fluxes impeding the exchange of energy between the ocean and the atmosphere. Neverthe-
less, in spite of these limitations the sensitivity experiments with AGCMs trough prescribed SST
patterns are currently considered as a very helpful tool for identifying cause and effect relationships
in the climate system.
Although the knowledge of a specific SST forcing of the climate system introduces a poten-
tial source of predictive skill, it is usually accepted that the atmosphere behaves as a chaotic system
(Lorenz, 1963; Lorenz and Hilborn, 1995; Palmer, 1993), and so, deterministic predictability is
limited. Related to this, multiple integrations, or ensemble simulations (McGuffie and Henderson-
Sellers, 2005), with a single model using identical radiative forcing scenarios but starting from
different initial atmospheric conditions, are performed by climate variability groups. These dis-
tinct initial conditions can be used to quantify the random component of interannual variability,
whereas the relative similarity between the different members of the ensemble is used to quantify
the potentially predictable component of variance (Rowell, 1998). The former (internal variability)
is represented by the variance; the latter (forced variability) by the ensemble mean. Hence, as more
members are considered the correlation between the ensemble mean and the observations increases
(Mehta et al., 2000), being therefore the ideal ensemble that one with infinitive realizations.
The sensitivity experiments to be discussed along this thesis are all performed with a low
resolution version (3.75◦ x 2.5◦ lon-lat resolution and 38 levels in the vertical) of the atmospheric
component of the Australian Community Climate and Earth System Simulator (ACCESS) model.
This model is made up of the Met Office (UKMO) Unified Model AGCM with Hadley Centre
Global Environment Model version 2 (HadGEM2) physics (Davies et al., 2005; Martin et al.,
2010; Martin et al., 2011). Please refer to Bi et al. (2013) for a more detailed description.
In this thesis ACCESS is partially coupled, in some specific regions, to a simple slab ocean
model (Washington and Meehl, 1984; Dommenget and Latif, 2002; Murphy et al., 2004; Dom-
menget, 2010). Hence, the SSTs of these regions are able to respond to the different spatial
patterns of observational SSTs with which the model is forced. A flux correction, however, is
required to force the model SSTs to closely follow a reference SST climatology (1950-2010). This
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model is used along this thesis in order to evaluate the ENSO-NAE teleconnection under different
ocean mean states. To this aim, 50 ensemble members are generated by superimposing different
idealised ENSO SST patterns (Dommenget et al., 2013) over distinct SST background conditions
(see López-Parages et al. (2015b)).
5.1.3 Rotational and Divergent components of the flow
As it is noted in Section 4, the rotational and divergent parts of the total horizontal wind ~V can be
expressed in terms of the streamfunction ψ and the velocity potential χ, respectively. Nevertheless,
these variables are not always provided in the observational datasets or model outputs and so, they
must be often indirectly calculated. This is the case of this thesis, in which ψ and χ are obtained
by solving their respective Poisson equations:
52ψ = ζ (5.1)
52χ = D (5.2)
being ζ and D the vorticity and divergence of the horizontal flow, respectively. To solve
Equation 5.1 and Equation 5.2, a Extension Library for the Open Grid Analysis and Display Sys-
tem (OpenGrADS; http://opengrads.org/doc/udxt/fish/), which only require a global and uniform
velocity field ~V , is used. The same library is applied in López-Parages et al. (2014) to calculate
the so-called divergent wind. Details on the algorithms included in the aforementioned library are
thoroughly exposed in Swarztrauber and Sweet (1975).
Another variable calculated in this thesis is the wave activity flux (WAF), which is a vector
approximately parallel to the local group velocity of Rossby waves. This magnitude can be very
useful in snapshot analyses for either migratory and stationary disturbances propagating through
a zonally varying basic flow (see Takaya and Nakamura (2001) for further details). In this thesis
(López-Parages et al., 2015b) it is computed directly from the zonally asymmetric part of the
anomalous streamfunction regression maps (assuming stationary Rossby waves and neglecting
vertical movements).
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5.2.1 Data Pre-Processing
5.2.1.1 Calculation of Anomalies
As it was introduced in Chapter 2, climate variability studies are often carried out in terms of the
fluctuations of a specific climate variable around its mean state, or climatology. For each time step,
the climate anomaly is calculated by substracting the mean value from the value at that time:
Y ′(t) = Y (t)− Y (5.3)
where Y (t) and Y ′(t) represent the absolute and anomalous values at time t, and Y represents
the mean value. Along this thesis, monthly and seasonal anomalies are calculated according to the
expression 5.3, removing in that way the annual cycle (Xoplaki et al., 2003). In particular, as our
research is mainly focused on the teleconnection between ENSO and the leading EMedR mode
in late winter and early spring, most of the anomalous values calculated in this thesis correspond
to FMA-mean anomalies. In some cases, it has been also useful to express the anomalies divided
by its standard deviation, defining therefore the so-called standardised anomalies. They generally
provide more information about the magnitude of the anomalies because influences of dispersion
are removed. Specifically, when rainfall is studied in large spatial domains it can present important
differences in mean and variance among the different grid points. Furthermore, it does not usually
follow a normal distribution. In that cases, its analysis in terms of standardised anomalies is,
therefore, very useful.
5.2.1.2 Filtering techniques in time domain
The variability of a physical field is caused by diverse processes happening at different times
scales (Von Storch and Zwiers, 2001). Hence, depending on the purpose of the analysis we were
interested in, some frequencies could be of greater interest than others and so, it might be use-
ful to reduce the amplitude of variations at other frequencies by statistically filtering them out
before analysing the time series. Along this thesis, which is focused on interannual timescales,
two different high-pass filters have been applied in order to amplify the high-frequency variability
(year-to-year) in the time domain.
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Fast Fourier Transform filter
This filter is based on a discrete Fourier transform, which converts a finite list of equally spaced
samples from its original time domain to the frequency domain, in which the isolation of certain
bands frequencies of special interest, is made easier. However, the computational time required
to calculate these discrete Fourier transforms is usually exorbitant and so, their applications are
limited. To solve this problem, some algorithms have been developed. The fast Fourier transform
algorithm (FFT; Duhamel and Vetterli (1990); Frigo and Johnson (1998)), which is widely used
in scientific analysis, has been used in this thesis to isolate the shorter variations (interannual)
from those of lower frequencies (decadal and multidecadal). The functions applied in this thesis
to implement the transform (Equation 5.4) and inverse transform (Equation 5.5) pair for vectors y
and Y of length N can be stated as:
Yk =
N∑
j=1
yjωN
(j−1)(k−1) (5.4)
yj =
1
N
N∑
k=1
YkωN
−(j−1)(k−1) (5.5)
where ωN = e(−2pii)/N is one of N roots of unity.
Interannual filter
A second filter used along this thesis is applied by taking the difference between the absolute values
of two consecutive years (Equation 5.6).
4y = yt − yt+1 (5.6)
This procedure, which highly attenuates the amplitudes of low-frequency signals, is widely-
used for detrending time series (Bjerknes, 1969; Box and Jenkins, 1976). In this thesis this method
is applied, as the FFT, in order to easily distinguish the mechanisms associated with interannual
variability. For a further detailed description of this inter-annual filter please refer to Stephenson
et al. (2000).
Moving average filter
A third type of filter, usually known as moving average or running mean, has been also used. How-
ever, in this case it is applied in order to highlight decadal and multidecadal cycles, being therefore
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considered as a low-pass filter. Mathematically, the running mean is a convolution which operates
by averaging a number of points from the input signal according to the following expression:
yi =
1
M
M−1∑
j=0
xi+j (5.7)
where x is the input signal, y the output signal, and M the number of points in the average.
Although the moving mean is a modest low-pass filter, it is an exceptionally good smoothing filter
in which the sharpest step responses are kept (Smith, 1997). Thus, this easy procedure has been
used along thesis to detect strong decadal or multidecadal evolution in long time series. Related
to this, running correlations or sliding window correlations have been widely applied along this
thesis to assess if correlations between two variables vary in time. The correlation is computed
in a window of the first m values, then the window is moved by one position, and the correlation
is recalculated. The procedure is repeated until the correlations are obtained for the whole data
series.
5.2.2 Discriminant Analysis Techniques
As it has been already mentioned along this thesis, the huge complexity of the climate system
makes difficult focusing on specific climatic processes and dynamical mechanisms. To this aim,
some statistical discriminant techniques have been developed for helping the researcher to isolate
certain directions in which the climate variability is organised. The resultant outputs are usually
known as climate variability modes. Related to this, two indispensable tools are the so-called
Empirical Orthogonal Functions (EOF) and Maximum Covariance Analysis (MCA). Both are de-
scribed in detail in the next subsections.
5.2.2.1 Empirical Orthogonal Functions
The Empirical Orthogonal Functions (EOF), or Principal Component Analysis (PCA), was de-
scribed by Pearson (1901) and Hotelling (1935), and it was introduced into meteorology by Lorenz
(1956) afterwards. This technique is applied in order to determine the directions in which the max-
imum variability of an anomalous field, mathematically described in a two dimensional space-time
matrix, is organised. Let us consider an anomalous field
−→
Y ′(t) expressed as a set of row vectors
−→
Y ′
(with j elements corresponding to the spatial points) for each time step t. The covariance matrix
C is given by:
C =
1
N
∑
t
−→
Y ′(t)
−→
Y ′(t)T (5.8)
50 5. Data and Methodology
where
−→
Y ′(t)T denotes the transposed matrix of
−→
Y ′(t). This covariance matrix C, which has
j x j dimensions, can be transformed in order to follow the next characteristic equation:
|C − λI| = 0 (5.9)
The solutions of the Equation 5.9 are, by definition, the eigenvalues λ of the matrix C:
C−→em = λm−→e m (5.10)
where −→e m, which is the eigenvector associated with the eigenvalue λm, satisfies orthonor-
mality: 
−→em · −→emT = 1
−→em · −→enT = 0 if m 6= n
(5.11)
λm > 0 (5.12)
Furthermore, being E the matrix containing the eigenvector −→e m, it satisfies the next rela-
tionship:
E−1CE = Λ (5.13)
where Λ is a positive defined matrix in which all λm values are arranged in the main diagonal
and 0 values appear in the rest.
In Climate Variability studies the eigenvector −→e m represents a spatial distribution usually
known as Empirical Orthogonal Function (EOF), and its time evolution αm(t), or Principal Com-
ponent (PC), can be obtained by simply projecting the transposed anomalous field Y ′(t)T onto the
transposed −→e Tm (Equation 5.14).
αm(t) =
−→
Y ′(t)T ·
−→
eTm (5.14)
In some cases αm(t) can be standardised and projected again onto the anomalous field
Y ′(t)T , so that the units of the resultant −→e m are the same as those from the field per standard
deviation of αm(t) (see Section 5.2.4). Finally, Y ′(t) could be simply reconstructed as a lineal
combination of the M eigenvectors −→e m (Equation 5.15).
−→
Y ′(t) ≈
( M∑
m=1
αm(t) · −→em
)T
(5.15)
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These EOFs (−→e m) are specified such that the mean squared error (Equation 5.16) is minimal
(Von Storch and Zwiers, 2001).
mse =
∑
t
(
−→
Y ′(t)−
( M∑
m=1
αm(t) · −→em
)T)2
(5.16)
It is usually convenient to label the eigenvectors −→e m so that the eigenvalues λm are in de-
scending order (λ1>λ2>λ3>λ4>...>λM ), representing its sum the total variance of the field
−→
Y ′(t).
Hence, this total variance is broken up into M components, being the fraction of variance (fvar)
associated with each specific mode −→e m given by the following percentage:
fvar =
(
λm
/ M∑
m=1
λm
)
· 100 (5.17)
Thus, EOF analysis is nowadays a useful tool in climate variability, as it captures the time
evolution αm(t) of recurrent spatial patterns −→em, representing certain variance λm, of the anoma-
lous field
−→
Y ′(t) (Figure 5.1). However, as the EOFs are constrained by the orthogonality condition
(Equation 5.11) and the real-world processes do no need to have orthogonal patterns, the physical
interpretation of EOFs should be done with caution. In general, as less variance explains a specific
mode, as much more complicated is its physical interpretation. Hence, the optimal election of a
number of reliable modes is often difficult. Related to this, North et al. (1982) proposed a criterion
by which two consecutive modes can be or not considered as independent (orthogonal) among
them. This approximation for the typical error of the estimated EOFs, which has been used along
this thesis, considers a mode as independent if the distance between its corresponding eigenvalue
with the nearby one is clearly greater than the so-called sampling error (Equation 5.18, being N
the number of data).
λm − λm+1 > λm ·
√
2
/
N (5.18)
As it has been previously showed, EOF analysis is very successful in comprising the compli-
cated variability of an original data set into the fewest possible number of modes while retaining
most of the total variance. However, while it can represent standing oscillations in time (those
that are in phase or out of phase along a data array), it cannot represents, in its simple configura-
tion, features that have variable phase relationships such as propagating waves. Related to this, an
extension of the traditional EOF technique has been also developed in order to detect propagating
phenomena in multivariate data sets. It is usually denoted as Extended EOFs (Weare and Nasstrom,
1982) and its mathematical procedure is essentially the same as for ordinary EOFs, lying the main
difference in the preprocessing of the data. Specifically, while in ordinary EOFs the covariance
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Figure 5.1: Simplified sketch of the EOF analysis. Inspired from Rodríguez-Fonseca (2001).
matrix C contains a certain field of anomalous values measured at different spatial points at a
given time (
−→
Y ′(t)), in extended EOFs, C contains the anomalous values of the field at different
locations and distinct times
−→
Y ′(t1, t2, t3...). In this way, the spatial or temporal auto-covariability
of the field Y for a number of locations and for different time lags, can be investigated. For a more
detailed description of Extended EOFs please refer to Venegas (2001).
An Extended-EOF analysis has been applied at the end of the present thesis (Chapter 7) in
order to investigate the teleconnection between El Niño and the EMedR at distinct months along
the year.
5.2 Methodology 53
5.2.2.2 Maximum Covariance Analysis
An analogous technique to the EOF, but searching for pairs of directions that represent the strongest
joint patterns of variations, is the Maximum Covariance Analysis (MCA). Thus, while EOF is de-
signed in order to detect the main modes of variability of a single variable (Equation 5.3), the MCA
(Bretherton et al., 1992) is provided to isolate coupled modes of variability between time series of
two distinct variables, which define the usually known as predictant field
−→
Y ′(t) and predictor field−→
Z ′(t).
MCA is based on the Singular Value Decomposition (SVD) mathematical method, which is
applied in order to look for linear combinations of the anomalous fields Y ′(t) and Z ′(t) (Equa-
tion 5.19) such that the covariability between the resultant time series (U, V ) is maximised (Equa-
tion 5.20). As SVD is applied to the covariance matrix C (Equation 5.21), the procedure is usually
called as MCA. Y ′(t) = Y (t)− YZ ′(t) = Z(t)− Z (5.19)
U = RTY ′(t)V = QTZ ′(t) (5.20)
C =
1
N
∑
t
−→
Y ′(t)
−→
Z ′(t)T (5.21)
Note that matrix C is a non-diagonalizable matrix due to its non-squared configuration. Nev-
ertheless, considering R and Q as orthogonal matrices, it is possible to find a diagonal and positive
defined matrix Λ which satisfies the following relationship:CCT = RΛQTQΛTRT = RΛ2RTCTC = QTΛTRRTΛQ = QTΛT 2Q (5.22)
Thus, the column vectors in R (including the same number of elements of
−→
Y ′(t)) are the
eigenvectors of CCT , and the column vectors of Q (including the same number of elements of−→
Z ′(t)) are the eigenvectors of CTC. And the M elements in the diagonal of Λ represent the
squared values of the eigenvalues associated with the covariance matrix C. According to this, the
so-called squared covariance fraction (scf) is obtained as:
scfm = λ
2
m
/ M∑
m=1
λ2m (5.23)
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Figure 5.2: Simplified sketch of the MCA analysis. Inspired from Rodríguez-Fonseca (2001).
In this way, similar to EOF analysis, the anomalous fields Y ′(t) and Z ′(t) can be expressed
as a linear combination of the M eigenvectors −→rm and −→qm, respectively (Equation 5.24).
−→
Y ′(t) =
(∑M
m=1 um(t) · −→rm
)T
−→
Z ′(t) =
(∑M
m=1 vm(t) · −→qm
)T (5.24)
where um(t) and vm(t) represent the time series associated with the spatial patterns −→r m and
−→q m for each m mode. These time series, which are equivalent to the PC in EOF analysis (please
compare Equation 5.14 and Equation 5.25), are known as expansion coefficients (EC).um(t) =
−→
Y ′(t)T · rTm
vm(t) =
−→
Z ′(t)T · qTm
(5.25)
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5.2.3 Cluster Analysis
Cluster analysis deals with separating data into groups, or clusters, whose identities are not known
in advance (Wilks, 2011). The main idea ot this technique is that cluster should be composed
of points separated by small distances, relative to the distances between clusters. To this aim,
different clustering algorithms exist. In particular, in this thesis a k-means partitional scheme
from the numerical computing environment MATLAB has been used. It is an iterative and data-
partitioning algorithm that assigns n observations to exactly one of k clusters defined by centroids
(Lloyd, 1982). It is developed in order to minimize the average squared distance between points in
the same cluster (Arthur and Vassilvitskii, 2007).
The algorithm proceeds as follows:
1. Randomly choose an observation, from de data set x (with n observations), as the initial
centroid (c1).
2. Compute distances from each observation xn to c1 (d(xn, c1))
3. Select the next centroid c2 from x with probability:
d2(xn, c1)∑n
j=1 d
2(xj, c1)
4. To choose centroid j:
• Compute the distances from each observation to each centroid, and assign each obser-
vation to its closest centroid.
• Select each subsequent centroid with a probability proportional to the distance from
itself to the closest center that you already chose:
d2(xn, c1)∑
[h;xhCp]
d2(xh, cp)
where Cp is the set of all observations closest to the centroid cp and xh belongs Cp.
5. Repeat step 4 until the k centroids are chosen
Clustering analysis has been widely used in climate variability studies, and very often in
relation to rainfall (Michelangeli et al. (1995); Corte-Real et al. (1998); Cassou et al. (2004); Santos
et al. (2005); Moron et al. (2008); Polo et al. (2011); Durán et al. (2015), among others). In
this thesis, it is applied in order to find those centroids characterizing the distinct manners by
which ENSO and the leading EMedR mode are linked in CMIP5 models (see López-Parages et al.
(2015a)).
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5.2.4 Representation of the Results
Most of the results obtained along this thesis are spatial structures, or maps, associated with specific
variations in time (principal components, expansion coefficients, time indices etc). They are:
• Regression maps, which are constructed by projecting an anomalous field of a certain vari-
able onto the values of a specific time series, being the latter usually standardised. In these
cases the regression map represents the spatial structure of the field associated with the time
series, and its values are expressed in units of the specific variable per standard deviation of
the aforementioned time series. This is a particularly useful approach, since one standard
deviation corresponds to a typical fluctuation in the time series.
• Correlation maps, which are obtained by correlating the time series to the time series of the
anomalous field at each grid point (Bretherton et al., 1992).
• Correlation maps, which are obtained by correlating a particular time series (index, PC,
expansion coefficient from MCA, etc) to the time series of the anomalous field at each grid
point (Bretherton et al., 1992).
• Composites maps, which are calculated by averaging selected values of the anomalous cli-
matic field, being chosen according to a certain threshold of a standardised time series (usu-
ally considered as one standard deviation).
The representation of results from MCA have some interesting and distinctive features. As it was
exposed in Section 5.2.2.2, MCA results are expressed in terms of coupled modes of covariability
between two different fields, comprising each of these modes two spatial patterns and two time
series (usually denoted as EC). According to this, the maps of a specific variable can be calculated
in relation to its respective timeseries, or in relation to the other, defining in that way the so-
called homogeneous maps and heterogeneous maps. They are usually plotted for the predictant
and predictor fields respectively.
As it is expected, all the aforementioned results have to be properly evaluated in terms of each
statistical confidence. To this aim, different statistical significance analysis have been developed.
They are thoroughly exposed in the next subsection.
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Figure 5.3: Probability Density Function of a one-tailed (left) and a two-tailed (right) test.
5.2.5 Statistical Significance Analysis
Statistical tests are designed in order to determine whether a given set of data (from observations
or model outputs) contains useful information consistent with a concept that was formulated a
priori. This concept is usually known as null hypothesis (Ho), and it can be rejected (if sufficient
evidence is found that it is false) or to not rejected (if sufficient evidence can not be found that
it is false). The probability α of rejecting Ho, being true, is called the significance level, and the
so-called confidence level is obtained as 1− α (Figure 5.3). Both of them are usually expressed in
percentage (%). To evaluate these parameters some statistical tests, whose associated distribution
are considered known if Ho is true, are used. They are divided in parametric tests and non para-
metric tests, requiring the former the assumption of a certain probability distribution. The latter
methods are advantageous when it is no possible to make specific distributional assumptions.
5.2.5.1 Non-parametrics Test
The non-parametric approach applied in this thesis is based on the construction of artificial data
sets from a given collection of real data by resampling the observations in a manner consistent
with Ho. In general, these tests have two main advantages: (1) as the procedures consist entirely
of operations on the data themselves, no assumptions regarding an underlying parametric distri-
bution for the data are necessary, and (2) any statistic that may be suggested as important by the
physical nature of the problem forms the basis of the test itself (Wilks, 2011). In particular, the
non-parametric Monte-Carlo and Wilcoxon-Mann-Whitney tests, have been used. Both of them
are permutation tests depending on the so-called principle of exchangeability, which implies that,
under Ho, the labels identifying particular data values as belonging to one sample or another are
arbitrary, and so, they are exchangeable.
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Monte-Carlo Test
The basic idea of Monte-Carlo tests is to build up a collection of artificial data batches of the same
size as the actual data. Then, the test statistic of interest for each artificial batch is computed,
constituting therefore an estimated null distribution against which to compare the test statistic
computed from the original data.
A typical Monte Carlo test involves the following:
• Randomly generates a large number n of data sets from the actual data
• Compute the numerical values of the test statistic r for each n data set: r1, r2, r3...rn
• If n is large enough, r1, r2, r3...rn can be considered a good approximation to the true sam-
pling properties of r. Under these circumstances the real parameter R can be considered as
statisticaly significant, with a confidence level of 100(1 − α), if the absolute value of r is
located before the n(1− α)-teeth in the Probality Density Function (PDF; Figure 5.3).
This approach have been widely applied in this thesis by simulating large number of data for
which the associated time series have been randomly constructed.
Wilcoxon-Mann-Whitney Test
The Wilcoxon-Mann-Whitney rank-sum test was devised in the 1940s by Wilcoxon, and by Mann
and Whitney. The null hypothesis is that two data samples S1 and S2, with n1 and n2 observa-
tions, have the same distribution and so, the same mean (µ1 = µ2). If Ho is true, µ1 and µ2 are
independent of the ordering of n1 and n2. The Wilcoxon-Mann-Whitney test exploits this fact
by examining the positions of the observations of S1 or S2 when the combined sample of both is
sorted in increasing order. Hence, the concept of rank is introduced as the ith smallest observation
in S1 (or S2) in the joint sample. If the sum of ranks held by the members of S1 and S2 (R1 andR2)
is significantly different from a random sum of ranks, S1 and S2 come from the same distribution
(Wilks, 2011).
Thus, a test statistic U , which is a function not of the data values themselves, but of their
ranks within the joint sample, can be defined as:
U1 = R1 −
n1(n1 + 1)
2
U2 = R2 −
n2(n2 + 1)
2
(5.26)
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where R1 and R2 are the sum of ranks held by the members of S1 and S2, respectively.
For large values of n1 and n2 (both larger than about 10), the Ho distribution of U is approx-
imately Gaussian (Equation 5.27).
z =
U − µu
σu
(5.27)
Under these circumstances the mean µu and the standard deviation σu are given by:
µu =
n1n2
2
σu =
(
n1n2(n1 + n2 + 1)
12
)1/2 (5.28)
Along this thesis, the Wilcoxon-Mann-Whitney has been used to evaluated the statistical
significance of changes in the mean state associated with the ENSO-NAE teleconnection.
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Figure 5.4: Simplified synapses of the main objectives, data, and methodology considered in this thesis
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Results
It is really quite impossible to say anything with absolute precision,
unless that thing is so abstracted from the real world
as to not represent any real thing
Es casi imposible decir algo con absoluta precisión,
a menos que sea tan abstracto que no represente
nada en el mundo real
Richard Phillips Feynman,
New Textbooks for the ’New’ Mathematics. Engineering and Science 28, no.6
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6.1 ENSO - Leading EMedR mode: a changing teleconnection
In this part of the results section a non-stationary teleconnection between ENSO and the leading
EMedR, at interannual timescales, is found in fall-early winter and in late winter-early spring from
1900 onwards.
These results are presented in the following publication:
6.1.1 López-Parages, J. and Rodríguez-Fonseca, B.: Multidecadal modulation of El Niño influ-
ence on the Euro-Mediterranean rainfall, Geophys. Res. Lett., 39, L02704, doi:10.1029
2011GL050049, 2012.
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6.1.1 López-Parages, J. and Rodríguez-Fonseca, B. (2012)
Multidecadal modulation of El Niño influence
on the Euro-Mediterranean rainfall
Jorge López-Parages1 and Belén Rodríguez-Fonseca1
Received 20 October 2011; revised 6 December 2011; accepted 8 December 2011; published 20 January 2012.
[1] El Niño influence on the Euro-Mediterranean Rainfall
(EMedR) has changed along the 20th century, and the rea-
sons for this lack of stationarity, which represents an impor-
tant issue in the climate change context, are still unclear.
Here, the causes of this changing relationship are studied
at interannual timescales. To this aim the EMedR is analyzed
using observations from 1900 to 2008. Results confirm the
lack of stationarity, showing how the teleconnections with
El Niño appear modulated by multidecadal oscillations of
the anomalous Sea Surface Temperature (SST) over the
Atlantic and Pacific basins. The study presents statistically
significant evidences about how the Atlantic Multidecadal
Oscillation (AMO) seems to modulate El Niño teleconnec-
tion for late winter-spring, while modulation in fall could
be controlled by the Pacific Decadal Oscillation (PDO).
The results of this study have important implications in sea-
sonal and decadal predictability, but they also represent
a step forward in the understanding of the role of changes
in the ocean mean state on the interannual teleconnections.
Citation: López-Parages, J., and B. Rodríguez-Fonseca (2012),
Multidecadal modulation of El Niño influence on the Euro-
Mediterranean rainfall, Geophys. Res. Lett., 39, L02704,
doi:10.1029/2011GL050049.
1. Introduction
[2] El Niño-Southern Oscillation (ENSO) is the globally
dominant climate mode at interannual timescales. Its influ-
ence over the Pacific and the tropics has been thoroughly
analyzed [Harrison and Larkin, 1998; Alexander et al.,
2002; Diaz and Markgraf, 2000; Wang, 2004; Wang and
Picaut, 2004; McPhaden et al., 2006]. Nevertheless, over
the North Atlantic sector, most of the studies point out to the
North Atlantic Oscillation (NAO) as the leading pattern
controlling its atmospheric variability. The NAO exerts its
influence through Sea Level Pressure (SLP) fluctuations
between the subpolar and the subtropical North Atlantic
basin, modifying the stormtracks that reach the Euro-
Mediterranean region [Rogers, 1997], and hence, the pre-
cipitation [Rodwell et al., 1999; Hurrell et al., 2003]. An
interesting point is that, at interannual timescales, the
regional atmospheric spatial pattern at surface levels over the
Euro-Atlantic region associated with the Pacific El Niño
presents a similar structure to the one associated with the
NAO [Brönnimann, 2007; García-Serrano et al., 2011]. In
this way, although most of the NAO signal has an internal
origin, external contributions associated with Sea Surface
Temperature (SST) changes in the Pacific can have a deter-
minant impact on the centers of action of the NAO. There are
two possible ways to explain El Niño influence on the North
Atlantic sector: by Rossby waves propagation due to changes
in anomalous upper level convergence and divergence, or
through the Walker and Hadley circulations [Wang, C., 2002;
Brönnimann, 2007]. A global teleconnection pathway from
the Pacific region to Europe via the stratosphere has also been
showed [Ineson and Scaife, 2009]. However, these signals
are less well understood than those influencing on the Pacific
due to the highly variable extratropical circulation of the
Atlantic basin [Trenberth et al., 1998; Quadrelli and
Wallace, 2002].
[3] Previous studies have found nonstationary features in
the impact of ENSO and NAO over Europe along the 20th
century. These studies include interdecadal shifts in the
location of NAO centers [Vicente-Serrano and López-
Moreno, 2008], different impacts of ENSO before and after
the 1970s [Greatbatch et al., 2004], multidecadal variations
in the relationship between ENSO and the western Mediter-
ranean rainfall [Mariotti et al., 2002], or a changing ENSO
impact depending on the NAO and multidecadal oscillations
of the SST over the Pacific [Zanchettin et al., 2008]. How-
ever, none of these studies has restricted the analysis to the
internannual signal, distinguishing in this way the multi-
decadal modulation of the interannual variability from the
purely multidecadal variability not removed in the analysis.
[4] The present study focuses, for the first time, on the role
that natural multidecadal modes, such as Atlantic Multi-
decadal Oscillation (AMO) [Enfield et al., 2001] or Pacific
Decadal Oscillation (PDO) [Mantua et al., 1997] play in the
modulation of the El Niño influence on the leading interan-
nual mode of the EMedR. Two remaining issues, which are
still under debate, are analyzed in this paper: 1) the El Niño
impact over the Euro-Mediterranean climate variability at
interannual timescales; 2) the stationarity of this El Niño
impact and related sources.
[5] The paper is divided as follows. Section 2 presents the
data used and the methodology followed. In section 3 the
results are showed. Finally, in section 4, a brief summary
and discussion are presented, attempting to give some
physical hypothesis supporting the non stationary relation-
ships identified.
2. Data and Methods
[6] This work is performed analyzing gridded data and
climate indices along the 20th century, all provided by
observational databases and avoiding the use of reanalysis
products due to errors and limitations inherent in the reana-
lyzed climate dataset.
1Departamento de Física de la Tierra, Astronomía y Astrofísica I,
Instituto de Geociencias, UCM-CSIC, Universidad Complutense de
Madrid, Madrid, Spain.
Copyright 2012 by the American Geophysical Union.
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[7] The variables analyzed are precipitation, Sea Level
Pressure (SLP) and Sea Surface Temperature (SST).
Regarding rainfall, University of Delaware rainfall data
(K. Matsuura and C. J. Willmott, Terrestrial precipitation:
1900–2008 gridded monthly time series, version 2.01, 2009,
available at http://climate.geog.udel.edu/climate/html_
pages/Global2_Ts_2009/README.global_p_ts_2009.html)
from 1900 to 2008, and GPCC data [Schneider et al., 2008]
from 1901 to 2007, are used. Both databases are land-only
and cover a global gridded domain with a 0.5  0.5 lat-long
resolution. SLP comes from NCAR [Trenberth and Paolino,
1980], from 1899 to 2008 (0.5  0.5 lat-long resolution),
while SST comes from two different datasets: ERSSTv3
[Smith et al., 2008] from 1854 to present (2°  2° lat long),
and HadISST1 [Rayner et al., 2003] from 1870 to present
(1°  1° lat long).
[8] Regarding the climate indices, Niño3.4, Atlantic Mul-
tidecadal Oscillation (AMO) and Pacific Decadal Oscillation
(PDO) are used in this study. Niño 3.4 index has been
calculated with the SST databases mentioned above, com-
puting the SST anomaly in the Equatorial Pacific region
[5°S -5°N, 170°W-120°W]. Also with these SST datasets,
AMO index is obtained as the ten-year running mean of
detrended Atlantic SST anomalies north of the equator
[Enfield et al., 2001]; and PDO index is defined as the
leading principal component of November toMarch detrended
SST anomalies for the Pacific north of 20N latitude [Mantua
et al., 1997].
[9] In a preliminary study, the rainfall variability of the 12
possible 3-months seasons of the year, from JFM to DJF, is
analyzed. The analysis is focused on the interannual sea-
sonal precipitation over the Euro-Mediterranean region
(iEMedR, [24°N-68°N, 15°W-35°E]), retaining the high
frequency variability by computing the difference between
the rainfall scores of one year and the next [Stephenson et al.,
2000]. This interannual filtering has been also applied for
the SST and SLP (iSST and iSLP respectively). In a second
step, the spatially coherent patterns that maximize the vari-
ance (thereafter called as “modes”) of the iEMedR are
determined in a linear way by applying a Principal Compo-
nent Analysis (PCA/EOF [Von Storch and Zwiers, 2001]),
as is suggested by Zanchettin et al. [2008]. Although they
point to a switching behavior of ENSO effects driven by the
Pacific Decadal Oscillation (PDO), they propose to focus on
a few leading empirical orthogonal functions to reduce the
degrees of freedom. Here, regression maps are computed
projecting the iEMedR, iSST, and iSLP, onto the leading
Principal Components (PC1s), and highlighting those grid-
points with significant correlation scores between the
anomalous timeseries and the PC1s. Looking for the statio-
narity of El Niño impact, sliding windows correlation anal-
ysis between the PC1 and the Niño3.4 index is applied.
Finally, periods with or without significant correlations
are analyzed separately. Along the whole study, 95%
confidence level of significance, which is determined by a
non parametric Monte Carlo test with 400 permutations, is
chosen.
3. Results
[10] We start by examining how the variability of the
iEMedR has been organized during the whole 20th century.
EOF analysis of this field is applied for all the possible 3-
months seasons of the year, obtaining a similar spatial pat-
tern for all of them. The leading mode is clearly separated
(following North et al. [1982]) from the second one, for
late winter-spring and fall months (Figures S1 and S2 in the
auxiliary material).1 For this reason, as representative of
these two seasons, the analysis is focused in February-
March-April (FMA) and October-November-December
(OND). In particular, for FMA, the associated spatial pattern
(Figure 1a) presents significant scores in central Europe,
including the British Islands, opposite in sign to those over
the Mediterranean region and northwestern Africa. In OND
(Figure 1d), the leading mode is broadly similar to that
obtained for FMA, although the Northern Scandinavia center
gets significant and the Mediterranean center gets weaker.
The regression of the anomalous iSST onto the PC1
(Figure 1c) presents, for FMA, a significant structure over
the tropical Pacific in an El Niño type configuration, with the
maximum anomalies over the Niño3.4 region. Over the
North Pacific, an extratropical horseshoe pattern appears.
Despite the similarities in the leading iEMedR mode for
FMA and OND, the projection of the anomalous iSST onto
the OND PC1 does not show any significant pattern over
the tropical Pacific, although the map reveals an El Niño
signal (Figure 1f). In both seasons the PC1s present a lack of
stationarity in their variability, as it can be seen in the sta-
tistically significant changes in its variance along the 20th
century (Figures 1b and 1e). In this way, and taking into
account El Niño signal in the iSST regression maps, decadal
changes in the PC1s amplitude could be related to changes in
its relationship with the tropical Pacific, indicating a non
stationary relationship with El Niño, in agreement with pre-
vious studies [Mariotti et al., 2002; Knippertz et al., 2003;
Greatbatch et al., 2004]. To assess the stationarity of this
El Niño-iEMedR relationship, 21-year window moving cor-
relations between PC1s and Niño3.4 index are computed for
the whole 20th century (Figure 2), obtaining how the evolu-
tion of these correlations exhibits a clear multidecadal peri-
odicity. Different windows are tested (Figure S3) and the
results remain the same. On the one hand, for FMA, signifi-
cant correlations appear in the beginning of the 20th century
and after the 1960s, but not in the 1940s and 1950s. A
highlighting result is the fact that these correlations evolve in
Figure 1. FMA and OND leading modes of iEMedR. FMA mode: (a) Leading empirical orthogonal function (EOF1;
contours, ci = 0,1 mm per std in the PC) of the FMA anomalous rainfall (Delaware) over the EM region (24.25– 67.75°N/
14.75°W-34.75°E). (b) Associated standardized principal component (PC1, referenced on the right axis) and its variance
(black line, referenced on the left axis). (c) Regression map of anomalous iSST (ERSST) onto the PC1 (contours, ci = 0,05°
per std in the PC) . Bottom Panel, OND mode: (d, e, and f) the same as Figures 1a, 1b, and 1c but for OND. In all the
maps, shading represents statistical significant areas, according to a Monte Carlo correlation test at 95% confidence level.
Blue bands in Figures 1b and 1e represent significant changes in the PC1 variance using the same test and threshold as in
the maps.
1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL050049.
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phase with a low frequency SST pattern that agrees with
the Atlantic Multidecadal Oscillation (AMO index, gray line
in Figure 2 (bottom); see also regression map in Figure S4
in the auxiliary material). Another important result is how
in OND the correlations evolve in phase with the Pacific
Decadal Oscillation (PDO index as a gray line in Figure 2
(top) and regression map in Figure S4 in the auxiliary
material), except for the last positive phase of PDO after
Figure 1
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the 1970s, when the correlations do not reach the significant
level. In the case of FMA, correlations with the Niño3.4
index appear significant only for negative phases of the
AMO, but not for positive ones. In OND, the correlations
are significant in both, negative and positives phases of
PDO (except after the 1970’s). It is important to mention
that this multidecadal modulation of El Niño influence on
the leading iEMedR mode in FMA and OND by both, AMO
and PDO, occurs broadly for all the late winter-spring
months and for all the fall months respectively (Figure 2
(middle) and Figure S5 in the auxiliary material). The next
question is to try to formulate a hypothesis about the mech-
anism by which the link between El Niño and iEMedR
changes at multidecadal timescales for each of the considered
Figure 2. Correlations with Niño3.4 index. (top) Results
for OND: 21 year moving window correlations (left axis)
between the leading iEMedR PC1 and Niño3.4 index in
OND for different PCP and SST datasets according to the
legend. In grey line, the standardized PDO index based on
Mantua et al. [1997] definition is plotted, referenced on
the right axis. (middle) Results for all the year: 21 year mov-
ing window correlations between the leading iEMedR PC1
(Delaware) and Niño3.4 index (ERSST) for each of the 3
months seasons of the year. (bottom) Results for FMA: the
same as the Figure 2 (top) but for FMA. In grey line, the
standardized AMO based on Enfield et al. [2001]. The sign
of the correlation has been changed to better show how the
evolution of the correlations is in phase with the AMO. Fill
dots and shaded areas represent periods with a 95% signifi-
cant correlation according to a Monte-Carlo correlation test.
Figure 3. FMA Regression maps, for selected periods of the
AMO, calculated between the PC1 and: (a) PCP (Delaware;
contours, ci = 0,2 mm per std in the PC), (b) SLP (contours,
ci = 0,2 hPa per std in the PC) , (c) SST (ERSST; contours,
ci= 0,1° per std in the PC) for the period 1900-1929/1964-
1989. (d, e, and f) The same as Figures 3a, 3b, and 3c but
for the period 1930–1963. In all the maps, magnitudes corre-
spond to one std dev of the PC. Statistical significant areas,
according to a Monte-Carlo correlation test at 95% confi-
dence level, are shaded.
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seasons. To this aim, periods with or without significant
correlations with the Niño3.4 index are analyzed separately,
including in the analysis SLP data, which is the only
available atmospheric variable with observations for the
whole 20th century. For those years within an AMO nega-
tive phase (Figures 3a–3c), the iSST regression map pro-
jects an El Niño pattern over the Pacific, while over the
Atlantic basin, the significant areas resemble the SST signal
of the meridional gradient mode proposed by Wang, C.
[2002]. The iSLP pattern presents a quadrupolar structure
in the North Atlantic with a strong center over the Iberian
Peninsula and Northern Africa. Over the Pacific, a positive
significant center appears in the tropical region, reflecting
the typical Southern Oscillation (SO) pattern. Nevertheless,
for those years within positive AMO phase (Figures 3d–3f),
when the El Niño-iEMedR relationship disappears, no El Niño
signal is found in the ocean, the precipitation pattern weakens,
and the iSLP pattern is confined to the Atlantic-European
region resembling a NAO structure, mainly related to inter-
nally driven changes in the zonal flow.
[11] Similar analysis for the leading mode of OND shows
the same precipitation pattern opposite correlated with
El Niño phenomenon (Figures 4a–4f) depending on the PDO
phase. In this way, the rainfall pattern obtained before the
1940s (positive phase of the PDO) in relation to a warm SST
tongue in the tropical Pacific, appears after the 1940s
(negative phase of PDO) in relation to a cold SST tongue;
and the opposite. The iSST anomalies and the iSLP spatial
patterns are broadly similar over the extratropics, except for
the western Pacific and Asia iSLP signal, which could be
associated with different atmospheric sources for this tropi-
cal-extratropical connection. After the 1970s (Figures 4g–4i),
when another positive phase of PDO occurs, no significant
El Niño signal appears and the precipitation pattern decreases
with respect to the one identified in the positive phase of
PDO before the 1940s.
4. Summary and Discussion
[12] This paper deals with the non stationary relationship
between El Niño and iEMedR along the 20th century,
focusing the analysis in “late winter-spring” and in fall sea-
sons. The leading mode of the interannual rainfall presents a
tripolar spatial structure with increased precipitation over
central Europe, and the opposite over Northern Scandinavia
and the Mediterranean. This mode is significantly related to
El Niño in a nonstationary way, presenting a multidecadal
modulation. Hence, the spatial projection of the anomalous
iSLP onto this leading mode depends also on the decades
considered and, for those decades in which the leading PC
does not correlate with El Niño, the iSLP patterns presents a
zonally symmetric structure, suggesting a configuration
associated with internally driven changes in the zonal flow.
On the opposite side, for those decades in which the leading
PC correlates with El Niño, the iSLP pattern suggests the
presence of a tropical forcing. This result agrees with Ting
et al. [1996], who showed that the extratropical climate
Figure 4. Regression maps in OND for selected periods.
As Figure 3 but for particular periods of the PDO: (a, b,
and c) correspond to the period 1915–1942, (d, e, and f)
for the period 1943–1970 and (g, h, and i) for the period
1971–2008.
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anomalies over the northern hemisphere could be under-
stood as a linear combination of teleconnections associated
with changes in the zonal mean flow and the ENSO states.
This study also agrees with the fact that changes in the
location of the anomalous tropical heat source would be
producing differences in the extratropical teleconnection
[Ting and Sardeshmukh, 1993].
[13] Multidecadal changes in the ENSO-EMedR relation-
ship have also been found for these seasons by other authors
[Mariotti et al., 2002, Knippertz et al., 2003, Greatbatch
et al., 2004], but none of them point to a specific multi-
decadal pattern as modulator of ENSO teleconnections.
Using different methodologies and periods than the above
mentioned authors, the present study adds a relevant result
to the state of the art, which is the fact that the correlation
between the leading interannual rainfall mode and El Niño
appears modulated in phase with multidecadal variability
patterns, such as AMO and PDO. In late-winter and spring,
significant correlations with El Niño appear during negative
phases of the AMO, being stronger over central Europe and
the Mediterranean, whilst for positive phases of the AMO,
the rainfall pattern is weaker. On the basis of this result, a
possible mechanism to explain the role of AMO modulating
the El Niño-iEMedR relationship in FMA, can be found
from the study of Wang, C. [2002] due to the similarities in
the SST patterns. Although the location of the centers of
action could be different, the iSLP configuration identified
here over the Pacific (Figure 3) is coherent with the Walker-
Hadley mechanism [Wang, C., 2002; Cassou and Terray,
2001] as the one linking the SSTs anomalies in the Atlan-
tic and Pacific basins. Therefore, this Walker-Hadley
mechanism could be enhanced during negative phases of
AMO, getting significant the El Niño-iEMedR teleconnec-
tion. For positive phases of AMO, this mechanism is not
effective and, thus, internal variability appears as the dom-
inant mechanism. Our results also agree with Sutton and
Hodson [2003], who suggested that the influence of the
ocean on the interannual variability of the North Atlantic
climate may have two causes: first, variations in the strength
of ENSO, and second, SST changes in the Atlantic Ocean.
In fall, the factor modulating the El Niño-iEMedR rela-
tionship points to decadal variability of the SST over the
Pacific, appearing significant correlations for both, negative
and positives phases of the PDO index. It is interesting how,
in this case, the same rainfall structure is significantly cor-
related or anticorrelated with El Niño depending on the
phase of the PDO. This change in the El Niño-iEMedR
teleconnection could be associated with the reported
decadal changes in El Niño behavior due to variations in the
background state of the Pacific ocean [Wang, 1995; Wang
and An, 2002], which in turn changes at multidecadal
timescales in phase with the PDO. This result agrees with
Zanchettin et al. [2008], who proposed that the low-
frequency modulation of ENSO impacts on European win-
tertime rainfall (defined from October to March) is associ-
ated with multidecadal phases of the PDO via changes in the
dynamical behavior of ENSO. The link between extra-trop-
ical atmospheric circulation and central type El Niño events
[Di Lorenzo et al., 2010] may provide one additional
hypothesis explaining the apparent multidecadal modulation
of El Nino influences on iEMedR by the PDO. It is worth
mentioning also that the different phases of the PDO are
characterised by different frequencies of ENSO events
[Kiem et al., 2003; Verdon and Franks, 2006], a feature that
could be further analyzed. Finally, considering that the
global warming observed since 1970’s are reproduced when
models include anthropogenic effect [Intergovernmental
Panel on Climate Change, 2007], human influence should
be further study as a possible cause of the lack of significant
El Niño impact on the fall iEMedR after this decade.
[14] This study is supported by observational analysis of
both, ocean and atmospheric data, and it points to the fact
of considering the changes in the mean state as a modu-
lator factor of ENSO teleconnections, a result that has
important implications in seasonal and decadal predictabil-
ity. Although decadal fluctuations could be generated by
physically varying teleconnections or by chance [van
Oldenborgh and Burgers, 2005], the analysis performed in
the present study for specific phases of both, AMO and
PDO, points to a physically coherent modulation of the
El Niño-iEMedR relationship by changes in the ocean
background state. Nevertheless, further analysis discerning
the nonlinear responses, and sensitivity experiments with
General Circulation Models (GCMs), are necessary to
investigate the underlying dynamics and to test the hypoth-
esis inferred here from the observations.
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Figure S1: EOFs correlations. Spatial correlations between seasonal leading iEMedR 
EOFs along the year.  All the correlations are shaded, representing 99% significant 
correlations according to a Monte-Carlo test. Left, results using rainfall data from 
Delaware database. Right, from GPCC database.  
 
As can be seen in the figure S1, high significant correlations are obtained between the 
leading EOFs from each of the 3 months seasons analyzed, particularly between FMA-
MAM and SON-OND-NDJ.  
 
Figure S2: Variance explained for each PC. Variance explained by the leading (blue), 
second (red), and third (black) iEMedR variability modes for each 3 months season. 
Left, results obtained using Delaware data. Right, using GPCC database. The error bars 
represent the sampling errors based on the North Criteria [North et al. 1982].  
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As it is shown in the figure S2, the leading and second modes are separated for each 3 
months season, except for JFM and DJF. However, the major differences between them 
appear in late winter-spring and in fall months. 
 
Considering the previous figures, the similarities between the PCA results obtained 
using data from Delaware and GPCC are clear. 
 
Figure S3: Correlations with El Niño3.4 index using different windows length. 
Sliding windows correlations between leading PC (Delaware) and Niño 3.4 index. On 
top the results for FMA. On bottom for OND. Left, Niño 3.4 index based on ERSST 
database. Right, based on Had database. The length of the moving windows varies 
according to the left axis.  
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From figure S3 we deduce that the results obtained in figure 2 are not sensitive to the 
length of the sliding window. 
 
Figure S4: Regression maps of the annual SST. Regression map of the anomalous 21 
years running mean SST onto the 21 year sliding windows correlation series between 
PC1 and Niño 3.4 index. From top to bottom the results for FMA and OND. Left, Niño 
3.4 index is obtained using ERSST database (timeseries formed by yellow dots in figure 
2). Right, the same but for Had database (timeseries formed by green dots in figure 2). 
For OND the regression map is calculated using timeseries until 1960. Units are in º per 
correlation unit.  
 
It is possible to identify, for FMA, an interhemispheric SST dipole in the Atlantic basin. 
This pattern is similar to the canonical AMO one (warm phase). The results are broadly 
the same for ERSST and Had database. 
 
For OND, it can be seen a SST pattern over the North Pacific basin which resembles the 
PDO one (warm phase). When ERSST database is used, it is possible to identify cold 
SST anomalies in the interior of the North Pacific basin and warm anomalies over the 
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North American coast. The latter does not appear so clearly when Had SST database is 
used. Furthermore, other differences between ERSST and Had databases over the 
tropical Pacific and the Atlantic basin are found. 
 
 
Figure S5: Correlations between the leading iRMedR PC and El Niño3.4 index for 
all the seasons. 21 year moving window correlations between the leading iEMedR PC 
(Delaware) and Niño3.4 index (Had) for each of the 3 months season of the year. Only 
the areas with 95% significant correlations (under a Monte Carlo significant test) are 
shaded. 
 
The figure S5 shows the different iEMedR-Nino3.4 relationships along the year. For late 
winter-spring months, significant correlations appear in the beginning of the 20
th
 
century and after the 1960's, but not in the 1940's and 1950's. For fall-early winter 
months, significant correlations are identified in both, negative and positives phases of 
PDO (except after the 1970's). This figure is similar to figure 3, which was obtained 
using SST from ERSST database. 
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6.2 ENSO - Leading EMedR mode: a teleconnection modu-
lated by internal variability
In this part of the results section, the role that internal variability of the ocean-atmosphere coupled
system plays on the non-stationary teleconnection between ENSO and the leading EMedR mode
is explored.
These results are presented in the following publications:
6.2.1 López-Parages, J., Rodríguez-Fonseca, B., and Terray, L.: A mechanism for the multi-
decadal modulation of ENSO teleconnection with Europe, Clim. Dyn., 45, 867–880,
doi:10.1007/s00382-014-2319-x, 2014.
6.2.2 López-Parages, J., Rodríguez-Fonseca, B., Mohino, E., and Losada, T. : Multidecadal mod-
ulation of ENSO teleconnection with Europe in CMIP5 models, J. Climate, under review
(JCLI-S-15-00678), 2015.
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propagation of the waves from the tropics to extratropics 
through the atmosphere and, hence, to explain the changing 
impact over Europe. However, the non-stationary impact 
observed along the twentieth century could also be related 
to the observed changes in the interannual oceanic forcing 
signal itself. The results obtained suggest, for both hypoth-
eses, an important role of the natural internal variability of 
the ocean at multidecadal timescales.
Keywords Atmospheric teleconnection · ENSO · 
European rainfall · Multidecadal modulation
1 Introduction
The climate variability over the North Atlantic European 
Sector (NAES) is mainly linked to the North Atlantic 
Oscillation (NAO; Van Loon and Rogers 1978; Wallace 
and Gutzler 1981), which is characterized by a Sea Level 
Pressure (SLP) seesaw between the Azores high and the 
Icelandic low (Walker 1924). This fluctuation between sub-
polar and subtropical North Atlantic latitudes influences 
the stormtracks, and hence, the associated precipitation 
regime (Rodwell et al. 1999; Hurrell et al. 2003). Although 
the NAO is mainly associated with internal atmospheric 
variability, it is also influenced by changes in Sea Surface 
Temperature (SST), which could lead to predictability at 
seasonal to interannual time scales (Czaja and Frankignoul 
1999; Hurrell et al. 2003). Several studies have found a 
consistent and statistically significant ENSO signal on the 
European climate (Fraedrich and Müller 1992; Moron and 
Plaut 2003). Interestingly, its low-level atmospheric pat-
tern is similar to the one associated with the internal NAO 
(García-Serrano et al. 2010). In general, El Niño tends to be 
associated with a negative phase of the NAO (Brönnimann 
Abstract El Niño phenomenon is the main oceanic driver 
of the interannual atmospheric variability and a determi-
nant source of predictability in the tropics and extratrop-
ics. Several studies have found a consistent and statisti-
cally significant impact of El Niño over the North Atlantic 
European Sector, which could lead to an improvement of 
the skill of current seasonal forecast systems over Europe. 
Nevertheless, this signal seems to be non-stationary in time 
and it could be modulated by the ocean at very low fre-
quencies. Hence, the seasonal climate predictability based 
on El Niño could be variable and only effective for spe-
cific time periods. This study considers the multidecadal 
changes in the ocean mean state as a possible modulator 
of ENSO-European rainfall teleconnection at interannual 
timescales. A long control simulation of the CNRM-CM5 
model is used to substantiate this hypothesis and to assess 
if it can be relevant to explain the non-stationary behavior 
seen in the twentieth century. The model reproduces the 
leading rainfall mode over the Euro-Mediterranean region, 
and its non stationary link with El Niño. This teleconnec-
tion has been identified in coincidence with changes of 
the zonal mean flow at upper levels, which influence the 
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2007). This raises the issue of a robust detection of the 
atmospheric response to ENSO as the forced response pro-
jects onto the leading mode of internal variability. Further-
more, an additional factor is that the influence of the NAO 
(Hilmer and Jung 2000; Lu and Greatbatch 2002; Vicente-
Serrano and López-Moreno 2008) and ENSO (López-Par-
ages and Rodríguez-Fonseca 2012; Greatbatch et al. 2004; 
Mariotti et al. 2002; Zanchettin et al. 2008) over the North 
Atlantic European climate, has not been stationary along 
the twentieth century. Hence, the seasonal climate predict-
ability could be variable and only effective for specific time 
periods, contributing in that way to the poor skill of current 
seasonal forecast systems over Europe (Van Oldenborgh 
and Burgers 2005).
A recent study of López-Parages and Rodríguez-Fon-
seca (2012, hereafter LPRF12) indicates, using observa-
tional data of rainfall, SLP and SST along the twentieth 
century, that the leading mode of interannual rainfall in the 
European region is significantly correlated with El Niño 
during some particular decades whilst, in others, there is 
no link with any large scale oceanic pattern. The spatial 
structure of the associated SLP field was similar to the tra-
ditional NAO. However, to better determine the dynami-
cal link, the study of upper atmospheric levels is crucial, 
as was demonstrated by García-Serrano et al. (2010). 
ENSO influence over NAES can take place through dif-
ferent mechanisms which could include the alteration of 
the thermally driven overturning atmospheric circulation 
(Wang 2002, 2004; Wang and Enfield 2003; Ruiz-Barradas 
et al. 2003), downstream propagation of Rossby waves, 
including or not the stratosphere (Hastenrath 2003; Cas-
sou and Terray 2001; Honda et al. 2001; Castanheira and 
Graf 2003; Ineson and Scaife 2008), or combinations of 
these mechanisms. The former occurs by the alteration of 
the Walker and Hadley circulations in relation to changes 
in the convection. The latter is explained through changes 
in the vorticity due to the meridional displacement of the 
flow at upper levels as a result of the divergence associated 
with the convection in the tropics. This vorticity distur-
bance triggers Rossby waves propagating over the extrat-
ropics and altering the atmospheric circulation over remote 
regions. In this way, a non-stationary impact of ENSO 
over Europe should be related to a non-stationary behavior 
of one (or both) of the previous mechanism. Recent stud-
ies have also found noticeable differences in the impacts of 
the two major ENSO patterns, Eastern and Central Pacific 
events (Kug et al. 2009; Kao and Yu 2009; Choi et al. 
2011), the former being representative of the most intense 
El Niño events and the latter linked with the most intense 
La Niña ones (Dommenget et al. 2012). In this study non-
Linear impacts of ENSO are not analyzed, each kind of 
episodes could be related to different non-stationary fea-
tures of the abovementioned mechanisms (An and Wang 
1999; Fedorov 2000; An 2009; Choi et al. 2011; Yeh et al. 
2011). A possible hypothesis that could explain the chang-
ing impact of ENSO over the NAES is associated with a 
modulation of the teleconnection by which the forcing sig-
nal is transmitted to the target area depending on the back-
ground state. Hence, an interesting issue to be explored 
here is the influence of oceanic low frequency variability 
modes, such as Atlantic Multidecadal Oscillation (AMO, 
Enfield et al. 2001), or Pacific Decadal Oscillation (PDO, 
Mantua et al. 1997), in the modulation of the atmospheric 
teleconnection mechanisms at interannual timescales. In 
this sense, LPRF12 found how the correlation between the 
leading rainfall mode in Europe and the anomalies over 
the Niño3.4 region evolves at multidecadal timescales 
in phase with AMO, and PDO, depending on the season 
considered. Building on these previous studies, the main 
questions we wish to address in the present work are as 
follows: (1) is there any SST multidecadal pattern, internal 
to the ocean, that could be able to modulate the ENSO tel-
econnection with Europe? (2) How does this SST pattern 
modulate the teleconnections? (3) What are the associated 
dynamical mechanisms? (4) Is there any preferred phase 
of these multidecadal SST modulating patterns for which 
the ENSO-Europe teleconnection is more efficient?
Therefore, the present study is mainly related to the non-
stationary influence of ENSO over the NAES and how the 
internal variability of the slowly variant background state 
of the ocean can modulate this teleconnection.
The available literature suggests January to March as 
an appropriate season to study the ENSO influence over 
Europe (Brönnimann 2007), being convenient to separate 
the weak ENSO-related circulation over the North Atlantic 
in early winter with the much stronger one during mid-late 
winter (Toniazzo and Scaife 2006; Gouirand et al. 2007). 
Even in the North Pacific, the canonical Tropical Northern 
Hemisphere pattern (TNH, Mo and Livezey 1986; Barnston 
and Livezey 1987; Livezey and Mo 1987; Trenberth et al. 
1998) related to ENSO is not completely established until 
January (Bladé et al. 2008). For these reasons this work 
is focused on the non-stationary ENSO-European rainfall 
teleconnection in late winter early spring, selecting the 
season February–March–April, according to LPRF12. A 
complete analysis cannot be carried out using only obser-
vations due to the shortness of the record and limited sam-
pling of multidecadal SST modes. It is thus of interest to 
use a model approach where the non-stationary behavior 
could be assessed on multi-centennial simulations. To this 
aim, a long coupled simulation with constant pre-industrial 
forcing has been analyzed to complement the observational 
analysis. If the changes identified in the ENSO-European 
rainfall relationship along the twentieth century could 
be reproduced only considering the internal variability of 
the climate system, it would suggest that the responsible 
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mechanism of the non-stationary behavior is not necessar-
ily related to anthropogenic changes.
The paper is organized as follows. We begin by pre-
senting the data and methods used (Sect. 2). In Sect. 3 the 
covariability of European rainfall and tropical SSTs is ana-
lyzed for observations. The same analysis is applied to a 
long control simulation of the CMIP5-CM5 coupled model 
in Sect. 4. In Sect. 5, observed and modeled composites 
maps of different fields are compared to each other. Then, 
in Sect. 6, some plausible hypotheses of the non-stationary 
features identified are presented and finally, in Sect. 7, a 
brief summary is presented.
2  Data and methods
This work is focused on the interannual precipitation over 
the Euro-Mediterranean region (iEMedR; 24°N–68°N, 
15°W–35°E), in late winter-early spring (February–March–
April, FMA).
Two different observational databases have been used: 
University of Delaware rainfall data (Matsuura and Will-
mott 2009, version 2.01, http://climate.geog.udel.edu/
climate/html_pages/), and Global Precipitation Climatol-
ogy Centre data (GPCC; Schneider et al. 2008). Both data 
are monthly climatology of precipitation spanning the 
whole twentieth century and the beginning of the twenty-
first century. They are land-only in coverage and are based 
on interpolated data from stations. Regarding the SST 
data, ERSSTv3 (Smith et al. 2008) from 1854 to present 
(2° × 2° lat long), and HadISST1 (Rayner et al. 2003) 
from 1870 to present (1° × 1° lat long) have been used. 
To pose a possible dynamical mechanisms and be able to 
compare it with the model outputs, atmospheric fields 
from the twentieth century Reanalysis V2 data provided 
by the NOAA/OAR/ESRL PSD (Boulder, Colorado, USA; 
http://www.esrl.noaa.gov/psd/), have also been used.
The climate model data are provided by a long con-
trol coupled simulation (hereinafter PICTRL) of the 
CNRM-CM5 model (cf. Voldoire et al. 2013). This model 
includes the ARPEGE-Climat (v5.2) atmospheric model 
(1.4° × 1.4°, 31 vertical levels, being 26 of them in the 
troposphere), the NEMO (v3.2) ocean model (ORCA1°, 
42 vertical levels), the ISBA land surface scheme and the 
GELATO (v5) sea ice model coupled through the OASIS 
(v3) system. The PICTRL analyzed here is an 800 year 
long simulation where all external forcings (solar, volcanic 
and anthropogenic Greenhouse Gases and aerosols) are 
kept constant at their observed values of 1850.
Regarding the methodology, a Maximum Covari-
ance Analysis (MCA, or Singular Value Decomposition; 
Bretherton et al. 1992) has been applied to identify the 
modes that explain the maximum covariance between the 
anomalous Euro-Mediterranean rainfall and tropical SST 
(20°N–20°S). Each mode comprises two spatial structures 
(singular vectors), two time series (expansion coefficients; 
U and V for the predictor and predicted field respectively), 
and the covariance fraction, which is a measure of the per-
centage of covariability explained by each mode. The most 
common procedure when analyzing MCA results is to plot 
the projection of the predictor field (tropical SSTs here), 
and the field to predict (Euro-Mediterranean rainfall), on 
the standardized U, obtaining in that way the homogene-
ous and heterogeneous maps respectively. Along this study 
some composite maps also based on U have been obtained, 
being 1 standard deviation of U the threshold selected in 
PICTRL, and 0.75 standard deviation in observations. 
This difference in the threshold is considered to balance 
the number of cases selected in both, model and obser-
vations. These composites have been calculated to ana-
lyze the changes in the spatial patterns depending on the 
time period, and also to infer possible related dynamical 
mechanisms.
To retain only the interannual variability for all the fields 
analyzed here, periods  longer than 7 years have been sub-
tracted by applying a temporal filter based on a Discrete 
Fourier Transform. Looking for the stationarity of El Niño 
impact, different sliding window correlation analysis have 
been applied along the study, using 21 year as the reference 
window, for comparison with previous studies.
The correlation statistical significance has been deter-
mined by a non parametric approach using a Monte-
Carlo test with 400 permutations. The spatial patterns 
significance has been also determined by non parametric 
approaches such as, Monte-Carlo test, or Wilcoxon-Mann–
Whitney test (Wilks 2005).
3  Rainfall‑SST covariability: observational results
As it was shown in LPRF12, the teleconnection between El 
Niño and the European rainfall leading mode of variabil-
ity in late winter-early spring seems to be non-stationary on 
time, changing along the twentieth century in phase with the 
Atlantic Multidecadal Oscillation (AMO). The leading EOF is 
shown in Fig. 1a, which is consistent with the ENSO signal 
over the European rainfall (Fraedrich and Müller 1992; Moron 
and Plaut 2003; Pozo-Vazquez et al. 2005). In order to delve 
into the existence of this impact and to discard it as a statistical 
artifice, a time index based on this leading EOF has been used. 
This index has been calculated as the difference of area-aver-
age rainfall over Western Europe and Western Mediterranean 
region. These areas are two centers of actions of the leading 
EOF (black boxes in Fig. 1a), and they do not coincide with 
those in the second and third modes of variability (see Fig-
ure A1 of supplementary material). Time correlation between 
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the leading PC and the above-mentioned index is 0.83, which 
supports the absence of a mathematical artifact in the calcula-
tion of the leading EOF. The link with the equatorial SSTs is, 
moreover, non-stationary on time (Fig. 1b). Thus, strong cor-
relations with the whole Indo-Pacific equatorial basin are posi-
tive from 1900s to 1940s and from 1960s to 1980s. However, 
for the years in between and, in the beginning of the twenty-
first century, the correlations are weaker and of opposite sign. 
For the whole twentieth century, the SST pattern coincides 
in sign in the Pacific and Indian oceans, while being oppo-
site over the Maritime Continent. Although the magnitude of 
the correlation scores slightly differs between HadISST and 
ERSST (not shown), in both cases the maximum values are 
located over the Niño3.4 region, as in LPRF12. In agreement 
with Fig. 1b, the Euro-Mediterranean rainfall PC1 and the 
Niño3.4 index (Fig. 1c) broadly correlate from 1900 to 1940 
(0.47), and from 1965 to 1984 (0.42) approximately, while 
they are mainly anticorrelated from 1944 to 1964 (−0.23), and 
from 2003 to 2008 (−0.73).
The previous results reinforce those of LPRF12 and 
show how, although the dipolar rainfall pattern identified 
as EOF1 is present along the whole observational period, 
it might be enhanced and potentially predictable when its 
relation with tropical SSTs is stronger. It also shows that 
this link mainly takes place in the twentieth century dur-
ing negative phases of AMO. As it was indicated in Sect. 2, 
MCA is a discriminant analysis tool which is very useful 
for finding coupled patterns in climate data and, thus, for 
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Fig. 1  a Leading rainfall empirical orthogonal function over the 
Euro-Mediterranean region (EOF1, standardized rainfall per standard 
deviation in the associated PC1). b 21-Years sliding windows correla-
tion between the PC1 and tropical SSTs (5°S–5°N). c Standardized 
PC1 (blue) and Niño34 (red) Indices. Black boxes in (a) indicate the 
regions used to calculate the rainfall index mentioned in the manu-
script (Western Europe minus Western Mediterranean). Statistical sig-
nificant areas, according to a Monte-Carlo test at the 95 % level, are 
shaded
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determining the most frequent predictors for a variable to 
predict. With the purpose of confirming the changing cou-
pling between rainfall and SST, two different MCA analy-
ses linking the Euro-Mediterranean rainfall and the tropical 
SST have been performed selecting two different samples 
according to the changing relationship previously identi-
fied. The first sample covers the periods 1944–1964, and 
2003–2008, which correspond to the years with negative 
correlations between rainfall and Niño3.4 (Fig. 1c). The 
second sample (1900–1940 and 1965–1984) corresponds 
to the periods with positive correlations between the same 
indices. Hereinafter these periods will be referred as N 
(Negative correlations) and P (Positive correlations) peri-
ods respectively.
The leading mode of covariability for the P period 
(Fig. 2b, d), which explains 31.1 % (28.3 % for ERSST) 
of the total covariance, resembles the link identified in 
LPRF12 (see Fig. 1 of LPRF12). The spatial correlation 
between the rainfall anomalous pattern obtained in LPRF12 
and that obtained here from the MCA_P is 0.88 (0.85 for 
ERSST). On the other hand, for N periods (Fig. 2a, c), the 
leading mode, which in this case explains 23.3 % (21.6 % 
for ERSST) of the total covariance, shows a similar SST 
pattern than in P periods, but in relation to a completely dif-
ferent rainfall pattern. The spatial correlation between the 
rainfall pattern from LPRF12 and that obtained here from 
the MCA_N is −0.61 (−0.59 for ERSST). These rainfall 
maps obtained for each MCA broadly coincide with the 
simple regression of rainfall anomalies on the Nino3.4 
index (see Figure A2 of supplementary material) for the 
selected periods. Although the tropical SSTs for both 
MCAs are similar, it is worth to highlight the enhanced sig-
nal identified in P over the Tropical North Atlantic (TNA) 
and the Maritime continent regions. This issue will be dis-
cussed in Sect. 5.
As the observed changing link between rainfall and trop-
ical Pacific SSTs appears in phase with the AMO, and this 
oceanic mode is internal to the ocean, a long coupled con-
trol simulation has been used to test if this non-stationary 
relationship could be reproduced by the model multidec-
adal internal variability without any changes in external 
forcing.
4  Model performance
It is first necessary to assess the ability of the model to repro-
duce the leading mode of observed interannual rainfall vari-
ability. The observed and simulated modes present a similar 
spatial pattern (Fig. 3a), with significant scores in central 
Europe, including the British Islands, and the surround-
ing areas of the Baltic Sea. These anomalies are opposite in 
sign to those over the Mediterranean region, the northwest-
ern Africa, and the north of Scandinavia. This leading rainfall 
(a)
(c) (d)
(b)
Fig. 2  Homogeneus (bottom) and heterogeneous (up) regressions 
maps of respectively SST (° per std. deviation in U) and rainfall 
(standardized rainfall per standard deviation in U) onto the MCA SST 
expansion coefficient (U) obtained for N and P periods. On the left 
(a, c) the leading covariability mode for observed N periods (1944–
1964 and 2003–2008) and, on the right (b, d), the same for observed 
P periods (1900–1940 and 1965–1984)
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mode can be described through the same simple index previ-
ously used in observations (see black boxes in Fig. 1a). In this 
case PC1 is correlated at 0.89 with the defined index. Slight 
differences with observational EOF1 are found in the inten-
sity and location of the centers of action, and in the decrease 
of the explained variance by the leading mode (19.2 % in 
observations and 14.4 % in PICTRL). This fact is probably 
explained by the large difference in the number of years ana-
lyzed in observations (109 years) and PICTRL (800 years). 
In spite of this decrease in the explained variance, the leading 
mode of PICTRL is well separated to the second one accord-
ing to the criteria of North et al. (1982). Looking for the sta-
tionarity of the rainfall mode, 21-yr window sliding correla-
tions have been calculated here (Fig. 3b) between the rainfall 
leading PC and the Niño3.4 index, indicating a quasi-cyclic 
behavior in the relationship and, as a consequence, periods 
with positive, negative, or even no correlation. This time evo-
lution is highly similar to the leading PC of the low frequency 
SST variability of the model (Fig. 3b). PICTRL, which is a 
long control simulation, is a useful tool to assess the time evo-
lution identified in the moving correlations (see also Figure 
A3) and its possible connection with multidecadal modes 
such as AMO, as was proposed in LPRF12.
As in the observations, two different, and opposite, rela-
tionships emerge between rainfall and El Niño along the 
PICTRL, suggesting the existence of different underlying 
dynamics that alternate at multidecadal timescales. To fur-
ther analyze this issue, periods with negative (N, 169 years) 
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Fig. 3  a Leading empirical orthogonal function in PICTRL over the 
Euro-Mediterranean region (EOF1, standardized rainfall per standard 
deviation in the associated PC1). b 21-Years sliding windows cor-
relation between the interannual rainfall PC1 and the Niño3.4 index 
(dots), and PC1 of an EOF analysis of the low frequency SSTs (black 
line, for which only higher periods than 13 years have been consid-
ered). Fill dots and shaded areas represent 95 % significance accord-
ing to a Monte-Carlo test
6.2 ENSO - Leading EMedR mode: a teleconnection modulated by internal variability 85
Multidecadal modulation of ENSO teleconnection
1 3
and positive (P, 137 years) significant correlations have 
been analyzed separately.
MCA analysis between model anomalous rainfall and 
tropical SSTs has been performed for P and N. The lead-
ing modes of covariability account for 20.0 % and 21.9 % 
of the total variance, respectively. The resultant oceanic pat-
terns (Fig. 4c, d) resemble the ones obtained in observations 
(Fig. 2c, d). However, unlike it happens in observations, 
the model ENSO signal is almost the same in P and N, put-
ting forward how in PICTRL, the interannual SST forcing 
seems to be stationary. Nevertheless, its impact on rainfall 
is opposite in P and N periods over central Europe and the 
Mediterranean region. The spatial correlation between the 
rainfall patterns obtained for each period and the EOF1 for 
the whole PICTRL (Fig. 3a) are −0.90 and 0.71 for N and P 
respectively, reinforcing the idea of a changing impact over 
the Euro-Mediterranean area for the same tropical forcing.
In the next section the atmospheric variables related to 
the leading modes of covariability obtained for N and P peri-
ods are analyzed in order to infer different hypothesis for 
the dynamical mechanisms involved in the teleconnection.
5  Dynamical mechanisms in the teleconnection
Several composites maps have been calculated for each 
time period and for different variables involved in the 
above mentioned mechanisms. The expansion coefficient 
of tropical SSTs (hereinafter U) from each MCA has been 
used to perform “high minus low” composites maps as the 
difference between events for which U is greater than (high 
events), or lower than (low events) an imposed threshold 
(see Sect. 2).
The observational results are represented in Fig. 5 for 
N and P periods. In both cases, a warming (cooling) in El 
Niño and a extratropical horseshoe pattern over the North 
Pacific (Fig. 5a, b) appears in relation to an anomalous 
upper level divergence (convergence) over the central equa-
torial basin (Fig. 5c, d) and a weakening (strengthening) of 
the subtropical Pacific anticyclone. However, the tropical 
divergence together with its rotational response is clearly 
enhanced in P periods (Fig. 5c, d), as a consequence of the 
stronger El Niño amplitude in decades in which the north 
Atlantic is cooler than the south Atlantic, as it happens in 
P periods (Dong et al. 2006; Zhang et al. 2011). In agree-
ment with Wang (2002), El Niño signal over the Pacific 
appears together with a heating in the Tropical North Atlan-
tic (TNA), in association with a weakening of the Azores 
high (Fig. 5f). The connection takes place through changes 
in the Walker and Hadley circulations, as it can be seen by 
the Atlantic anomalous upper level convergence over South 
America and divergence over the TNA region (Fig. 5d). As 
the TNA region highly influences the ENSO-related atmos-
pheric response over the NAE sector (Mathieu et al. 2004), 
its stronger signal for selected P periods, a time period with 
a stronger relation of El Niño with the rest of the tropical 
basins (Losada et al. 2010, 2012), could explain the non 
stationary impact of El Niño over the European climate. 
(a)
(c) (d)
(b)
Fig. 4  Same as Fig. 2 but for the long control run in the model CNRM-CM5 (PICTRL)
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This feature could, however, be also associated with the 
multidecadal variability of the Atlantic Warm Pool that is 
known to vary in phase with the AMO (Wang et al. 2008b). 
In general, the significant differences identified over the 
extratropical Atlantic and Pacific suggest a changing influ-
ence of the atmosphere on the underlying ocean (Fig. 5a, 
b). Regarding the tropical Indo-Pacific basin, warmer SSTs 
are observed in P from the Maritime continent to the Japan 
Islands. Thus, Rossby Wave Sources over these regions 
might be intensified in response to the warmer ocean. 
Moreover, in P as well, a stronger longitudinal gradient 
seems to take place over the west equatorial Pacific, in 
agreement with Meng et al. (2012), who have related it to 
a weakening of the Walker Circulation in association with 
a warmer Indian ocean. As a consequence of the changes 
in the tropical upper level divergence, an anomalous rota-
tional circulation appears to balance the variation in the 
planetary vorticity to preserve the potential vorticity. For 
both, N and P periods, two twin anticyclones straddling the 
equator over the tropical Pacific reflect the typical Gill-type 
atmospheric response to equatorial anomalous heating (Gill 
1980). However, only for P periods, the wavetrain propa-
gating from the tropical Pacific resembles the well known 
TNH pattern. Moreover, a strong negative center of action 
also appears in P over Scandinavia. The whole quadrupolar 
atmospheric pattern over the North Atlantic-European sec-
tor has a quasi-barotropic structure (Fig. 5d, f) except for 
the Iberian Peninsula center that is not significant at sur-
face levels. This configuration is coherent with the leading 
mode of upper level streamfunction in mid-winter obtained 
(a) (b)
(c) (d)
(e) (f)
Fig. 5  High (higher that 0.75) minus low (lower that −0.75) com-
posites maps, in N and P periods, based on the first SST MCA stand-
ardized expansion coefficient U for a, b HadISST (°); c, d potential 
velocity (in colour, 105 m2 s−2), streamfunction (black contours, 
ci = 106 m s−2), and divergent wind (arrows, m s−1) at 200 hPa, and 
e, f sea level pressure (Pa). Statistical significant areas, according to 
a Monte-Carlo test at the 95 % level, are shaded. In c and d only the 
95 % significant streamfunction is contoured (being solid lines posi-
tive values and dashed lines negative ones)
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by García-Serrano et al. (2010), and related to El Niño 
extratropical rotational atmospheric response. Complemen-
tary to that study, in which the stationary behavior is not 
discussed, this spatial structure (see Figs. 1, 3 of that paper) 
is found here just for selected P periods. The centre of 
action located over Scandinavia in P might be due to a split 
of the ENSO wavetrain originated in the tropical Pacific, as 
was suggested by García-Serrano et al. (2010) for January–
February. The appearance of this pattern over the North 
Atlantic (Fig. 5d, f), and the role of low frequency changes 
in the ocean on its nonstationary behavior, will be further 
analyzed below.
For N decades, however, in agreement with a weaker 
heating at surface and a weaker divergent flow at upper lev-
els, the TNH pattern weakens and the resultant configura-
tion over North-Atlantic Europe (Fig. 5c) is different. At 
surface (Fig. 5e), the strong center of action located over 
the North Sea resembles an atmospheric blocking pat-
tern. Thus, it seems that these blocking structures could be 
favored in N periods, in agreement with recent results put-
ting forward an enhancement of the frequency of blocking 
events under positive phases of the AMO (Häkkinen et al. 
2001).
Model results are represented in Fig. 6 for N and P peri-
ods. Contrary to the observations, the SST patterns and the 
associated perturbation of the divergent flow are highly 
similar to each other (Fig. 6a, b). The stronger influence 
in P of the atmosphere on the extratropical Atlantic and 
Pacific basins is, however, well reproduced by the model. 
The significant divergence signal over the North Atlantic, 
which is found in PICTRL for both N and P, resembles the 
response found just for P in observations. The significant 
upper level convergence over the equatorial Atlantic for 
PICTRL (Fig. 6c, d) appears in relation to an underlying 
warming (Fig. 6a, b), indicating the dominant influence of 
the remote warming in comparison with the local warming 
(which would induce divergence at upper levels). A signifi-
cant velocity potential signal is also identified in PICTRL 
over the Indian Ocean, being slightly stronger for P periods. 
A striking feature is that these similar divergent responses 
for P and N are related to different rotational responses 
over the NAES (Fig. 6c, d). Over this region, the wave pat-
tern at upper levels seems to significantly reach the Euro-
pean continent in P, the response being broadly the same 
as the one identified in observations at surface (Figs. 5f, 6f) 
and upper levels (Figs. 5d, 6d). Conversely, in N, the North 
Atlantic region is less perturbed by the TNH pattern and a 
dipolar configuration emerges at surface (Fig. 6e), resem-
bling an internally driven NAO configuration and not the 
blocking pattern that appears in the observations (Fig. 5e).
Previous works have documented changes in the loca-
tion of the actions centers of the NAO along the twentieth 
century (Hilmer and Jung 2000; Lu and Greatbatch 2002; 
Vicente-Serrano and López-Moreno 2008). Thus, our 
results could suggest an additional non-stationary external 
forcing over the NAES that could contribute to the docu-
mented changes in the observed NAO structure.
In agreement with the above mentioned results, it seems 
that the model is able to reproduce the observed impact of 
ENSO over the Northern Hemisphere and the Euro-Medi-
terranean region, at least, for selected periods (P). However, 
although the mechanism could be related to the Walker-
Hadley atmospheric bridge and the TNH pattern, a different 
extratropical response occurs in relation to almost the same 
tropical heating in PICTRL for N periods (see Figure A4 of 
supplementary material). At this point a question emerges: 
if the forcing from the tropical Pacific SSTs is considered 
stationary in PICTRL, why the impact over the European 
rainfall is so different? A plausible explanation is that the 
zonal mean flow at upper levels, which influences the prop-
agation of Rossby waves (Hoskins and Ambrizzi 1993), 
changes due to variations of the low-frequency oceanic 
forcing. This issue is analyzed in the next section.
6  Contribution of mean state changes to the 
interannual teleconnection
As it has been previously shown, tropical heating associated 
with El Niño is similar in N and P periods for PICTRL, so 
the distinct signals identified for each kind of period could 
reasonably be attributed to variations in the mean state. 
The characteristics of a control simulation make easier the 
inference of the role of low frequency SST internal vari-
ability because external forcings are constant and thus not 
considered. According to the results obtained in PICTRL, 
the changes in El Niño teleconnection observed over the 
North Atlantic and the Euro-Mediterranean region could be 
explained through changes in the internal mean state (not 
forced by the GW).
The rotational flow at upper levels previously plotted in 
Figs. 5d and 6c, d is presented in Fig. 7 in a north polar 
stereographic projection, identifying a similar configura-
tion for those periods with a significant divergence flow 
signal associated with ENSO (P and N in PICTRL and P in 
observations). Nevertheless, the TNH pattern over the NAE 
sector is clearly weaken in PICTRL for N periods (Fig. 7a), 
while in P (Fig. 7b), the configuration over the North 
Atlantic is significantly stronger and highly similar with 
the observations (Fig. 7c). According to the basic Rossby 
Wave Theory proposed by Hoskins and Ambrizzi (1993), 
the planetary waves are always refracted towards latitudes 
with higher Rossby wavenumbers (Ks). As a consequence, 
positive anomalies of Ks indicate regions with a reinforced 
waveguide. Thus, the northward displacement of the Indo-
Pacific jet in P (Fig. 8a), and its related Rossby waveguide 
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Fig. 6  Same as Fig. 5 but for the long control run in the model CNRM-CM5 (PICTRL). Here, higher values than 1 (U > 1 standard deviation) 
and lower values than −1 (U < −1 SD) have been considered for the composites maps
(a) (b) (c)
Fig. 7  Same composites maps of streamfunction (shaded; 107 m s−2) as in a Fig. 6c, b Fig. 6d, and c Fig. 5d. In contours the zonal mean flow at 
200 hPa (contours, ci = 5 m s−2), being the maximum and minimum value represented 10 and 50 m s−2 in each case
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(Fig. 8b), over the North Pacific, can explain the enhanced 
propagation of the disturbances to higher latitudes for P 
periods in the model. Hence, a stronger ENSO-related rota-
tional atmospheric pattern over the NAES (García-Serrano 
et al. 2010) is identified (Fig. 7b). This difference could 
explain the non-stationary impact on rainfall between P and 
N periods in the model. The rotational flow configuration 
shown in Fig. 7 is also coherent with a remote displace-
ment of the disturbances along the northern hemisphere 
due to the above-mentioned waveguide effect of the zonal 
mean flow (Hoskins and Karoly 1981; Branstator 1992, 
Hsu and Lin 1992; Hoskins and Ambrizzi 1993; Ambrizzi 
et al. 1995; Branstator 2002). Thus, it seems that a more 
efficient waveguide effect and so, a stronger hemispheric 
response, could also contribute in P to the above mentioned 
ENSO-related rotational impact over the North Atlantic.
These changes in the zonal mean flow are related to the 
underlying ocean multidecadal variability (Fig. 8c), which 
signal appears significant over the North Pacific and Atlan-
tic basins, resembling typical multidecadal variability pat-
terns associated with the well known PDO (Mantua et al. 
1997) and AMO modes (Knight et al. 2005). As the jet 
streams are partially caused by the meridional temperature 
gradient in the earth’s atmosphere, a significant change in 
their location could be expected if the underlying ocean 
temperature varies along the time. Thus, the non-stationary 
impact over the NAE sector identified in PICTRL could 
ultimately be explained by changes in the zonal mean flow 
forced by the slowly variant component of the ocean.
The observational results point to the same impact over 
the NAES for P periods, in agreement with López-Parages 
and Rodríguez-Fonseca (2012). Some slight differences 
appear, however, in the location of the extratropical centers 
of action in PICTRL (Fig. 7b) and observations (Fig. 7c), 
with a westward displacement in the former case. This fact 
could be explained by both, the more westerly location of 
the forcing region (see Figs. 5, 6), and the less elongated 
Indo-Pacific jet (Fig. 7b, c), in the model.
7  Summary
In this paper the link between the leading mode of interan-
nual anomalous rainfall in the Euro Mediterranean region 
and El Niño found in López-Parages and Rodríguez-Fon-
seca (2012) has been further investigated using a long con-
trol simulation of the CNRM-CM5 model. The aim of the 
study is to find if the observed multidecadal modulations of 
ENSO teleconnections with Europe can be reproduced by 
the internal low frequency variability of the coupled system 
without invoking any role for anthropogenic forcing. The 
study is focused on the late-winter early spring, which is 
a characteristic season in which ENSO exerts an influence 
over North Atlantic and Europe (Brönnimann 2007; Zhang 
Fig. 8  High (P periods) minus low (N periods) significant compos-
ites maps in PICTRL for a zonal mean flow at 200 hPa (m s−1), b 
mean Rossby wavenumber at 200 hPa (Ks) and c SST (°). The cli-
matological zonal mean flow (a) and the climatological mean Rossby 
wavenumber (b) at 200 hPa are also shown in contours levels, being 
the maximum and minimum value represented 20 and 50 m s−1 
(ci = 5 m s−1) in the former case, and 3 and 8 (ci = 1) in the lat-
ter case. Only the 90 % statistical significant areas, according to the 
Wilcoxon-Mann–Whitney test, are plotted
(b)(a)
(c)
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et al. 2011). The working hypothesis is that ENSO telecon-
nections are not stationary and the multidecadal natural 
variability of the ocean acts as a modulator, in agreement 
with the results of López-Parages and Rodríguez-Fonseca 
(2012).
In this way, the correlation between the observed Euro-
Mediterranean rainfall and ENSO is stronger in some 
decades (P) than in others (N). For P, broadly in coinci-
dence with twentieth century negative phases of AMO, an 
increase of rainfall over central Europe and a decrease over 
the Mediterranean area occurs jointly with a warming over 
the tropical Pacific and Indian basins, and a cooling over 
the Maritime continent. As the correlations obtained evolve 
in phase with the AMO, which is a natural internal variabil-
ity mode of the ocean, a long coupled control simulation 
has been considered as a useful dataset to analyze the inter-
nal effect in the observed modulation.
In particular, the CNRM-CM5 model long control simu-
lation has been used. This model reproduces the observed 
leading rainfall mode and its non-stationary link with El 
Niño, confirming in this way that the natural variability has 
an effect in modulating the impacts of El Niño in the extrat-
ropical North Atlantic region.
In the above-mentioned P periods two dynamical mech-
anisms are contributing to the ENSO teleconnection. Thus, 
alteration of the thermally driven direct circulation (Wang 
2002), and the ENSO related rotational North Atlantic 
mode (Garcia-Serrano et al. 2010), significantly affect the 
surface European rainfall in both, model and observations. 
The resultant configuration over the NAE sector has been 
previously associated with a non-stationary forcing from 
the tropics (Greatbatch et al. 2004), but also with a telecon-
nection pathway via the stratosphere (Ineson and Scaife 
2008). In the latter work it is argued that the response over 
the NAES in late winter is explained by the occurrence of 
sudden stratospheric warming’s, and so, a good represen-
tation of the stratosphere become crucial. Here, the same 
impact has been reproduced by a model which do not 
fully represent stratospheres processes (“low-top model”). 
Then, although the stratosphere could play also an impor-
tant role, the teleconnection could be reproduced through 
tropospheric mechanism if the non-stationary features are 
considered. Nevertheless, this does not exclude a possible 
significant role for the stratosphere that could be analyzed 
in a similar setup with high-top models.
The ENSO related rotational flow impact is modulated, 
in PICTRL, by changes in the zonal mean flow at upper 
levels forced by the ocean. Hence, the surface signal over 
the NAES changes as well, resembling in N periods a nega-
tive phase of the NAO. The observed N periods, coincid-
ing with positive phases of the AMO, are characterized by 
a weakening of the ENSO signal. As a consequence, the 
previously commented mechanisms are also weakened 
and, an atmospheric blocking pattern appears in relation 
to an El Niño signal over the tropical Pacific. This link 
between ENSO and the enhanced frequency of blocking 
events under positive phase of AMO (Häkkinen et al. 2001) 
should be further investigated in the future.
Although this study is focused on late winter and early 
spring, non stationarities modulated at multidecadal time-
scales takes place from autumn to spring (see Fig. 2 of 
LPRF12). Thus, similar changes in the zonal mean flow 
forced by the ocean could also explain the changing impact 
identified in these seasons. This seasonal time difference in 
the nonstationary ENSO-NAES teleconnection is a task to 
be further researched in future works.
Our results thus point to an important role (although 
not unique) of the multidecadal changes in the zonal flow 
forced by natural internal oceanic variability, in the mod-
ulation of El Niño effect on the European rainfall. As a 
fraction of the oceanic variability is linked to the Atlantic 
Meridional Overturning Circulation that is projected to 
weaken in the twenty-first century, it is possible that the 
interaction between El Niño and Europe change again in 
the next decades. Another explanation to the nonstationary 
impact of the same ENSO signal over the NAES could be 
related to a changing SSTs background state of the tropical 
Pacific, which in turn could be also forced by the Atlantic 
Ocean (Sutton and Hodson 2007). To get further insight 
into these issues, and to investigate nonlinear responses, 
sensitivity experiments with General Circulation Models 
(GCMs) should be also done in the future.
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      a)                                                 b)                                                c)
Figure  A1:  a)  Leading  (19.2%  of  the  total  variance),  b)  second  (11.9%)  and  c)  third  (5.9%)  rainfall  empirical 
orthogonal function over the Euro-Mediterranean region (standardized rainfall per standard deviation in the associated 
PC).  Black  boxes  indicate  the  regions  used  to  calculate  the  rainfall  index  (Western  Europe  minus  Western 
Mediterranean). Statistical significant areas, according to a Monte-Carlo test at the 95% level, are shaded.
a) b)
c) d)
Figure A2: Regressions maps of rainfall (standardized rainfall per standard deviation in Nino34 index) onto the Niño 
34 index calculated for N and P periods. On the left the patterns for observed N periods (1944-1964 & 2003-2008), 
and on the right the same for observed P periods (1900-1940 & 1965-1984). Niño34 index has been obtained for both, 
HadISST (top) and ERSST (bottom) databases. Statistical significant areas, according to a Monte-Carlo test at the 95% 
level, are shaded.
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Figure A3: Wavelet analysis of the 21 sliding windows correlation curve between iEMedR PC1 and iNino34 index 
(see figure 3b).
a)
b)
Figure. A4. Difference (P minus N) between SST composites maps in a) Figure 5 and b) Figure 6. Statistical 
significant areas, according to a Monte-Carlo test at the 95% level, are shaded.
6.2 ENSO - Leading EMedR mode: a teleconnection modulated by internal variability 95
6.2.2 López-Parages, J. et al. 2015a
Generated using the official AMS LATEX template—two-column layout. FOR AUTHOR USE ONLY, NOT FOR SUBMISSION!
J O U R N A L O F C L I M A T E
Multidecadal modulation of ENSO teleconnection with Europe in CMIP5 models
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Instituto de Geociencias UCM-CSIC, Madrid, Spain.
ABSTRACT
Many studies point to a robust ENSO signature on the North Atlantic European (NAE) sector associated
with a downstream effect of Rossby wavetrains. Some of these works also address a non-stationary be-
haviour of the aforementioned link, but only few have explored the possible modulating factors. In this
study the internal causes within the ocean-atmosphere coupled system influencing the ENSO teleconnection
with the EuroMediterranean rainfall, have been analysed. To this aim, unforced long-term preindustrial con-
trol simulations from 18 different CMIP5 models have been used. A non-stationary impact of ENSO on
EuroMediterranean rainfall, being spatially consistent with the observational one, is found. This variable
feature is explained by a changing ENSO-related Rossby wave propagation from the tropical Pacific to the
NAE sector, which, in turn, is modulated by multidecadal variability of the climatological jet streams as-
sociated with the underlying Sea Surface Temperature (SST). Our results point, therefore, to a modulation
of the ENSO-EuroMediterranean rainfall teleconnection by the internal (and multidecadal) variability of the
ocean-atmosphere coupled system.
1. Introduction
El Nin˜o-Southern Oscillation (ENSO) response at ex-
tratropical latitudes has been mainly related to the pole-
ward and eastward propagation of Rossby wavetrains trig-
gered from the Pacific basin (Hoskins and Karoly 1981;
Mo and Livezey 1986; Sardeshmukh and Hoskins 1988).
As a consequence, the strongest signature on remote re-
gions, which is considered as a downstream effect (Honda
et al. 2001; Moron and Gouirand 2003), has usually been
found several months after the mature phase of the ENSO
event. This is the case of the North Atlantic European
Sector (NAE), for which the main ENSO response has
been detected in late winter and early spring (see Fig-
ure 3 from Bro¨nnimann (2007)). The resultant pattern
resembles the North Atlantic Oscillation (NAO) surface
signal, reveals a quasi barotropic structure, and represents
the leading rotational mode of upper level streamfunction
in the NAE region (Garcı´a-Serrano et al. 2011). Its sur-
face impact is, however, far to be completely accepted,
which is probably partially explained by the large inter-
nal variability of the circulation at mid-latitudes (Quadrelli
and Wallace 2002). As a consequence, ENSO influ-
∗Corresponding author address: Departamento de Fı´sica de la
Tierra, Astronomı´a y Astrofı´sica I (Geofı´sica y Meteorologı´a). Insti-
tuto de Geociencias UCM-CSIC, Facultad de C.C. Fı´sicas , Universidad
Complutense de Madrid (UCM), Pza de las Ciencias, 28040, Spain
E-mail: jlopezpa@ucm.es
ence on European climate sector is not clear and diverg-
ing views arise, with some authors pointing to a robust
signal (Fraedrich and Mu¨ller (1992); Moron and Plaut
(2003); Moron and Gouirand (2003)) and others with a
sceptic view on it (e.g. Ropelewski and Halpert (1987)).
Related to this, Lo´pez-Parages and Rodrı´guez-Fonseca
(2012) have recently found a significant impact of ENSO
on EuroMediterranean rainfall for certain decades along
the 20th century. A variable feature of rainfall have been
also detected in the nearby Arabian Peninsula (Almazroui
et al. 2012) in relation to a changing link with ENSO at
multidecadal timescales (Kang et al. 2015). These re-
sults have contributed to the growing evidence advocating
for a non-stationary behaviour of the tropospheric ENSO-
NAE link on time scales ranging from decadal to multi-
decadal (Sutton and Hodson 2003; Gouirand and Moron
2003; Greatbatch et al. 2004). Hence, the poor seasonal
predictability of EuroMediterranean climate (Van Olden-
borgh and Burgers 2005) might be variable and at least,
for specific time periods, much greater than expected.
The aforementioned changing link between ENSO and
the EuroMediterranean rainfall has been found in phase
with the Atlantic Multidecadal Oscillation (AMO, Mari-
otti et al. (2002); Knippertz et al. (2003); Lo´pez-Parages
and Rodrı´guez-Fonseca (2012)) suggesting, therefore, an
effective modulating role of the AMO. However, the un-
derlying mechanisms explaining the influence of AMO, or
Generated using v4.3.2 of the AMS LATEX template 1
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maybe other multidecadal variability modes, in the modu-
lation of ENSO response over Europe, is still unresolved.
It is necessary to note that the search for observa-
tional evidences of this possible multidecadal modula-
tion presents serious difficulties. Firstly, El Nin˜o (and
La Nin˜a) forcing has changed in intensity (Torrence and
Webster 1998; Sutton and Hodson 2003; Greatbatch et al.
2004) and spatial patterns (An et al. 2006) in the past.
Hence, to associate a changing remote impact of ENSO
with an effective modulation in the propagation of the re-
sponse towards distant regions, rather than with a direct
effect of the non-stationary forcing itself, is highly compli-
cated. Secondly, the observations are limited and present
in-homogeneities in both space and time, which can intro-
duce spurious non-stationary features. Related to this, Van
Oldenborgh and Burgers (2005) found little evidence for
a changing behavior of ENSO teleconnections with global
precipitation during the instrumental period, but with the
possible exception of Europe. Nevertheless, even though
the uncertainties associated with observational data could
be considered acceptable, the short data record raises
questions about the confidence that one can have in re-
sults pointing to an atmospheric teleconnection chang-
ing at multidecadal timescales. As a consequence, long-
term simulations from Coupled Global Circulation Mod-
els (CGCMs) emerge as a very convenient tool for testing
responses associated with internal variability of the ocean-
atmosphere coupled system. In this way, Lo´pez-Parages
et al. (2015) analyse the ENSO-EuroMediterranean rain-
fall link in a long control simulation of the CNRM-CM5
coupled model, finding periods with positive and negative
significant correlations between El Nin˜o3.4 index and the
rainfall variability in central Europe, in accordance with
the observed changing link detected along the 20th cen-
tury (Figure 1). Hereinafter this differentiated links are
referred as P (Positive correlation) and N (Negative cor-
relation), respectively. The same authors propose multi-
decadal changes in the upper mean flow associated with
internal alterations in the ocean-atmosphere coupled sys-
tem as the main modulating driver. According to the lin-
ear barotropic theory, propagation of extratropical Rossby
waves highly depends on the intensity and spatial configu-
ration of the zonal mean flow and hence, on the extratrop-
ical jet-streams. Related to this, in those regions where
jets are weak the perturbations are meridionally propa-
gated describing an arching pattern; whilst in those re-
gions where jet-streams are intense the planetary waves
are efficiently trapped in the zonal flow describing a global
hemispheric pattern (Hoskins and Karoly 1981; Branstator
1983, 2002; Hoskins and Ambrizzi 1993; Ambrizzi et al.
1995). Considering that extratropical jets are partially
driven by the meridional atmospheric temperature gradi-
ents, a change in their spatial configuration is expected if
the underlying surface temperature varies along time. As
a consequence, a change in tropical-extratropical telecon-
nections associated with Rossby waves is also expected.
For all the above reasons, the purpose of the present
study is to make a step forward in the study of internal
causes explaining the changes in preferred pathways of
Rossby wavetrains from the tropical Pacific to the NAE
in relation to multidecadal changes in the SST. To this
aim, long control simulations with preindustrial forcings
from the Coupled Model Intercomparion Project Phase
5 (heinafter piControl-CMIP5, (Taylor et al. 2012)) have
been used to better characterize the internal ENSO-NAE
teleconnection. In particular, the study addresses the fol-
lowing questions: 1) Is the observed non-stationary impact
of ENSO over European rainfall reproduced by piControl-
CMIP5 simulations? 2) How is the internal underlying
dynamical mechanism? 3) Can it be explained by changes
in the high levels mean flow associated with well-known
SST multidecadal variability modes?
The paper is organized as follows. Section 2 describes
data and methods used in this study. Section 3 presents the
different results obtained from distinct procedures and the
relationship among them. And finally, Section 4 gives a
summary and discussion.
2. Data and Methods
a. Data
As it has been previously noted, the present study is fo-
cused on unforced long-term preindustrial control simula-
tions (piControl). In particular, the piControl output from
18 different CMIP5 models (see Table 1) have been anal-
ysed, being previously interpolated onto a common regu-
lar 2.8 x 2.8 global grid.
b. Methods
1) INDEPENDENT EOFS
In order to determine the directions in which the max-
imum variability of the anomalous rainfall is organized
in the models, Empirical Orthogonal Functions (EOFs)
of the monthly EuroMediterranean precipitation is com-
puted for each piControl simulation. According to previ-
ous studies (Lo´pez-Parages and Rodrı´guez-Fonseca 2012;
Lo´pez-Parages et al. 2015), the observational leading Prin-
cipal Component (hereinafter PC) of European interan-
nual rainfall in late winter-early spring (February-March-
April) projects on a spatial pattern with 3 centers of action
over the Mediterranean region, Scandinavia, and Central
Europe (Figure 1a from Lo´pez-Parages et al. (2015); the
same configuration is identified here in Figure 1). This
PC is related to El Nin˜o3.4 index in particular decades, a
feature that can be checked by correlating both time se-
ries in sliding windows spanning 20 years. In the present
study the same procedure is done by calculating indepen-
dent EOFs, for each model, as follows: 1) the PC that
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FIG. 1. Homogeneous (bottom) and heterogeneous (top) regression maps from a Maximum Covariance Analysis carried out in P (right) and
N (left) periods for observations (contoured, being solid lines positive values and dashed lines negative ones), and CNRM-CM5 model (shaded
the significant areas according a Monte-Carlo test at the 95% level). P and N represent 95% significant correlations (according a Monte-Carlo
test) between the EuroMediterranean rainfall PC and El Nin˜o34 index. Units are standardized rainfall per standard deviation in SST expansion
coefficient, and K per standard deviation in SST expansion coefficient. Modified from Lo´pez-Parages et al. (2015).
TABLE 1. Description of CMIP5 models. From left to right: Number of model, Name of model, pi-Control simulation length, original horizontal
resolution, atmospheric vertical layers, and references.
N Name piControl length Resolution (Lon x Lat) Atm. vertical layers References
1 BCC-CSM1.1 500 2.8◦ 26 Xiao-Ge et al. (2013)
2 CanESM2 996 2.8◦ 40 Chylek et al. (2011)
3 CCSM4 501 1.3◦ x 0.9◦ 27 Gent et al. (2011)
4 CNMR-CM5 850 1.4◦ 31 Voldoire et al. (2013)
5 CSIRO-Mk3-6-0 500 1.9◦ 18 Rotstayn et al. (2010)
6 GISS-E2-R 550 2.5◦ x 2.0◦ 40 Schmidt et al. (2014)
7 GISS-E2-H 540 2.5◦ x 2.0◦ 40 Schmidt et al. (2014)
8 FGOALS-g2 700 2.8◦ 26 Bao et al. (2013)
9 HadGEM2-CC 240 1.9◦ x 1.3◦ 60 Martin et al. (2011)
10 HadGEM2-ES 575 1.9◦ x 1.3◦ 38 Martin et al. (2011)
11 INM-CM4 500 2.0◦ x 1.5◦ 21 Volodin et al. (2010)
12 MIROC5 670 1.4◦ 40 Watanabe et al. (2010)
13 MIROC-ESM-CHEM 255 2.8◦ 80 Watanabe et al. (2011)
14 MPI-ESM-LR 1000 1.9◦ 47 Giorgetta et al. (2013)
15 MRI-CGCM3 500 1.1◦ 48 Yukimoto (2011)
16 NorESM1-M 501 2.5◦ x 1.9◦ 26 Bentsen et al. (2013)
17 IPSL-CM5A-LR 1000 3.8◦ x 1.9◦ 39 Dufresne et al. (2013)
18 MIROC4h 100 0.6◦ 56 Sakamoto et al. (2012)
project onto a spatial rainfall pattern closer to the observed
leading EOF is selected for each of the models; 2) time pe-
riods for which there is a statistically significant correla-
tion (positive or negative) between the PC and El Nin˜o3.4
index in each model are selected; 3) the leading PC is pro-
jected for those particular periods and for each model; and
4) the results are analyzed together as a whole by comput-
ing the ensemble mean of the obtained regression maps.
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2) EL NIN˜O-RAINFALL EOF
A new approach has been proposed in this study in order
to characterize the most frequent ways in which El Nin˜o
can influence on European rainfall. The method is also
based on EOF analysis but, in this case, the EOF is applied
to a matrix M that compiles a group of correlation maps
calculated between the rainfall and El Nin˜o3.4 index in
20 year sliding windows. Hence, all models and all 20-
year correlation maps are included in M, for which the
covariance matrix C has been maximized. The correlation
matrix M at each year i and spatial point j, and its related
covariance matrix C, are given by:
Mi, j = corr j(Pr(i : i+19, j),N34(i : i+19)) (1)
C = M ·MT (2)
where MT denote the transposed matrix M. This new
method has two main advantages. On the one hand, as
the EOF is based on the El Nin˜o-rainfall correlation ma-
trix M, the resultant modes represent recurrent spatial pat-
terns that relate El Nin˜o and rainfall and not only a vari-
ability mode of rainfall (which could or not be related to
ENSO). The associated PCs can therefore be directly inter-
preted as the time evolution of these specific links, that is,
the low frequency variability of El Nin˜o-rainfall link. On
the other hand, as M is constructed by combination of all
CMIP5 models, the resultant EOFs represent the common
variability pattern. With this methodology, the length of
data sample representing a specific dynamical mechanism,
which is highly constrained in observational studies, is
maximized. As will be demonstrated along this study, the
use of this new method makes possible a better interpre-
tation of the results obtained from the independent EOFs
of the anomalous rainfall only, and can help understand
the reliability of coupled models in capturing teleconnec-
tions. To this aim, the significant correlations obtained
from the independent EOFs will be separated into two
different clusters and represented in a new mathematical
base defined from the El Nin˜o-rainfall EOF. For this pur-
pose the centroids associated with each cluster, which are
based on pairwise Euclidean distances between points, are
calculated by a k-means clustering method (Lloyd 1982).
3) DATA FILTERING AND STATISTICAL ANALYSIS
As in Lo´pez-Parages et al. (2015), in order to focus the
analysis on the non-stationary ENSO-NAE teleconnection
at interannual times scales, a 7-year high-pass filter based
on a Discrete Fourier Transform is applied to all the fields.
Statistical significance has been determined by a non para-
metric approach using a Monte Carlo test with 400 resam-
plings.
3. Results
a. EuroMediterranean rainfall modes in CMIP5 models
The leading EOF of interannual rainfall obtained in ob-
servations, which has been found highly associated with
ENSO (Figure 1a from Lo´pez-Parages et al. (2015)), ap-
pears, in most of the CMIP5 models, as the second EOF
(Table 2). These rainfall variability modes explain, on av-
erage, around a 15% of the total variance, being CSIRO-
Mk3 and GISS-E2-R the extreme cases with 10.8% and
19.1% respectively. Except inmcm4 all the mentioned
modes are considered robust according the criteria of
North et al. (1982), reinforcing therefore their physical in-
terpretations.
TABLE 2. From left to right: Number of model, Principal Com-
ponent associated with that EuroMediterranean rainfall mode which is
spatially closest to the leading observational one, spatial correlation be-
tween the selected EOF and the leading observational EOF, Variance
explained by the corresponding mode.
N PC Corr. EOF1obs Exp. Var
1 PC2 0.86 17.3
2 PC2 0.92 11.5
3 PC2 0.92 13.2
4 PC1 0.92 14.6
5 PC2 0.84 10.8
6 PC1 0.93 19.1
7 PC1 0.94 17.5
8 PC2 0.58 10.9
9 PC2 0.84 14.4
10 PC2 0.85 16.1
11 PC2 0.95 16.8∗
12 PC2 0.92 13.1
13 PC2 0.90 14.4
14 PC2 0.92 15.3
15 PC2 0.88 13.2
16 PC2 0.92 13.5
17 PC2 0.84 15.8
18 PC2 0.72 13.4
∗ Non independent mode according the criteria of North et al. (1982).
Two independent samples are then constructed by se-
lecting, for each model, those periods in which the PCs
associated with the aforementioned rainfall modes are sig-
nificantly correlated with El Nin˜o3.4 index. As it was in-
dicated in the previous section, the ensemble mean of re-
gression maps calculated by the projection of these PCs
onto EuroMediterranean rainfall and global SST in both,
P and N, is obtained (Figures 2a,b,c,d). As in observations
(contoured in Figure 1), in P periods, positive (negative)
anomalies are identified, in relation to El Nin˜o (La Nin˜a),
over Central Europe, British Islands, and north-west part
of the Iberian Peninsula, together with negative (positive)
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FIG. 2. Interannual patterns. Shaded the regression of a,b) Rainfall (106Kgm−2s−1), c,d) SST (K), and e,f) streamfunction at 200hPa (psi200),
onto the EuroMediterranean rainfall PC and averaged over the 18 CMIP5 models in those periods in which the correlation between the PC and the
El Nin˜o3.4 index is positive (P; right) or negative (N; left) at 95% significant level (according to a Monte-Carlo test). In e) and f) the high minus low
composite maps (being solid lines positive values and dashed lines negative ones) characterizing the changing ENSO-EuroMediterranean rainfall
link along the 20th century (taken from Figure 5 of Lo´pez-Parages et al. (2015)) have been also added. The PC is selected, for each CMIP5 model,
as the PC related to the spatially closest EOF with the observational EOF associated with ENSO (Figure 1 from Lo´pez-Parages et al. (2015)). The
black marks indicate the points where the regression coefficient sign coincides in at least 14 of the 18 models analyzed.
anomalies in the Mediterranean region and northern Scan-
dinavia. In N, on the contrary, the sign obtained at the
aforementioned regions is broadly the opposite. The en-
semble mean of the rotational flow in terms of the stream-
function at 200hPa has been also plotted for P and N
samples (shaded in Figures 2e,f), finding a noticeably re-
duced impact over the extratropical Northern Hemisphere
in N. A weakened wave activity is also identified in the
observed record when analysing the periods with a non-
significant ENSO-EuroMediterranean rainfall teleconnec-
tion (contoured in Figure 2e). In contrast, those obser-
vational periods with a significant connection (which are
the observed analogues to the simulated P periods), show
not only a stronger Northern wave activity but also a strik-
ing similarity to the simulated P wave response at high
levels (Figure 2f). In particular, the rotational response
in P reflects a clear TNH pattern over the North Pacific
American sector together with a negative center located
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downstream over the northern Europe, resembling the doc-
umented leading rotational mode of upper level stream-
function in the NAE sector (Garcı´a-Serrano et al. 2011).
According to the sign of the anomalies identified for the
different models, these spatial patterns can be considered
as robust. A significant feature is that these noticeably
different impacts of El Nin˜o on the upper troposphere at
extratropical latitudes and on the EuroMediterranean rain-
fall, are related to almost the same SST El Nin˜o spatial
pattern (Figures 2c,d). This changing signature of ENSO
over the NAE sector obtained in piControl CMIP5 mod-
els is consistent with observations (contoured in Figures
1a,b, and Figures 2e,f) and hence, reinforces the hypoth-
esis of a changing teleconnection associated with internal
variability of the coupled ocean-atmosphere system. To
understand how the internal variability can modulate this
ENSO-European rainfall link is the main objective for the
rest of this paper.
b. ENSO-EuroMediterranean rainfall link in a new base
As it was explained in subsection INDEPENDENT
EOFs, Figures 2a,b are constructed by averaging, for se-
lected periods (P and N), the EOFs from CMIP5 models
that are the spatially closest to the leading observational
EuroMediterranean rainfall EOF. However, although the
selected modes can be similar among the different models,
they are obtained by independent EOF analysis. Hence, as
climate variability can be organized in different patterns
for each model, these selected EOFs may represent dis-
tinct underlying dynamics. To shed further light on this
issue, a new and common EOF for all CMIP5 models,
which is based on a matrix that compiles a group of corre-
lation maps calculated between rainfall and Nin˜o3.4 index
in 20 years moving windows, is calculated (see section 2
for a more detailed description). Hereinafter this new EOF
will be referred to as multidecadal nin˜o correlation EOF
or simply mnc-EOF in contrast to the ones previously de-
scribed in subsection 3a. In this way, mnc-EOF patterns
represent the common impact of ENSO on EuroMediter-
ranean rainfall in CMIP5 models, and the related mnc-
PCs symbolise its evolution at multidecadal timescales.
The leading mnc-EOF is characterized by negatives cor-
relations over northern Europe and positive ones over the
northern side of the Mediterranean region; whilst the sec-
ond mnc-EOF is associated with positive correlations in
northern Scandinavia and the southern part of the Mediter-
ranean Sea, and negative correlations in the west side of
Central Europe (Figure 3a,b). Note that the maximum
(minimum) correlations identified in mnc-EOF1 and mnc-
EOF2 are, approximately, 0.2 (-0.2) per standard devia-
tion in mnc-PC1 and mnc-PC2. This represents, for in-
stance, correlations around 0.4 (-0.4) for principal compo-
nents values around 2.
These patterns, which reflect changing links between
European rainfall and ENSO, could be forced by changes
in the SST background state, as it was proposed in previ-
ous studies (Lo´pez-Parages and Rodrı´guez-Fonseca 2012;
Lo´pez-Parages et al. 2015). Regarding this issue, the
projection of SSTs (averaged on 20 years sliding win-
dows) onto the leading mnc-PC is related to a warming
of the western Pacific at tropical latitudes, the equatorial
and northern subtropical Atlantic, and the southern Indian
Ocean (Figure 3c). The projection onto the second mode
(Figure 3d) resembles a positive IPO phase from observa-
tions and pi-Control simulations of CMIP5 models (Man-
tua et al. 1997; Villamayor and Mohino 2015), except for
the negative anomalies identified over the eastern tropical
Pacific. Over the North Atlantic, a horseshoe pattern is
also discerned, with positive anomalies from the Labrador
Sea to the east side of the Tropical North Atlantic, and
negative anomalies over the Caribbean Sea and the Gulf
Stream region. This pattern resembles changes in the re-
gions of the subtropical gyres that are known to take place
at multidecadal timescales (Latif and Barnett 1996; Tourre
et al. 2001; Reverdin 2010). At this point it seems to be
clear that these SST patterns play a noticeable role as mod-
ulator of the ENSO-EuroMediterranean rainfall telecon-
nection identified in subsection 3a. Nevertheless, in a par-
ticular period these two mnc-EOFs can coexist in different
manners. Thus, it is important to determine the preferen-
tial values of mnc-PC1 and mnc-PC2 for which significant
correlations between the leading observed rainfall pattern
and El Nin˜o (P and N) are favored. A first comparison of
the corresponding time series suggests that positive inter-
annual correlations are related to negative values of mnc-
PC1 and mnc-PC1, and vice-versa (Figure 3; bottom). In
order to further investigate this issue, the statistically sig-
nificant correlations P and N are represented in a new base
established by mnc-PC1 and mnc-PC2. Under this new
base, the significant P and N correlations arrange in two
different clusters (Figure 4). Note that these two clus-
ters behave in an approximately linear way under the new
base, finding most of P (N) windows under negative (pos-
itive) values of mnc-PC1 and mnc-PC2, consistently with
the hypothesis deduced from (Figure 3). In the following
analysis we have chosen to characterised each cluster by
its corresponding centroid obtained from a k-means pro-
cedure (see subsection 2).
c. Modulating factors
As it was previously noted in section 1, Lo´pez-Parages
et al. (2015) hypothesize that the changing teleconnection
between ENSO and the Euro-mediterranean rainfall is as-
sociated with multidecadal variations in the upper mean
flow in phase with internal multidecadal changes in the un-
derlying SSTs. In this work, and applying a cluster analy-
sis, this hypothesis is evaluated in 18 CMIP5 models. The
spatial patterns of the multidecadal anomalous SST and
6.2 ENSO - Leading EMedR mode: a teleconnection modulated by internal variability 101
J O U R N A L O F C L I M A T E 7
0 50 100 150 200 250 300 350 400
-3
-2
-1
0
1
2
3
a) b)
d)c)
e)
FIG. 3. New base from El Nin˜o-rainfall EOF. Top: mnc-EOF1 (20.2% variance explained) and mnc-EOF2 (14.4% variance explained) of
the ensemble multidecadal correlation matrix between rainfall and ENSO (for each spatial point, the sliding 20 years windows correlation between
rainfall and Nin˜o3.4 index, is included). Units are 10·(correlation per standard deviation in mnc-PC1 and mnc-PC2), respectively. Center) regres-
sion map of SST onto mnc-PC1 and mnc-PC2 (K per standard deviation in mnc-PC1 and mnc-PC2). Bottom) some selected periods (specifically
for CNRM-CM5, HadGEM2-ES, and MIROC-ESM-CHEM models) of mnc-PC1 (blue), mnc-PC2 (green), and the 20 years moving windows cor-
relation between the interannual-PC (EuroMediterranean rainfall) and El Nin˜o3.4 index (red; in black those 95% significant correlations according
to a Monte-Carlo test), are shown in order to illustrate the relationship among them.
upper level zonal wind (hereinafter U200) for the afore-
mentioned clusters -associated with P and N periods- are
calculated by multiplying the coordinates of the centroid
k (αk, γk) in the mnc-PC1 and mnc-PC2 base, by the cor-
responding projection of each PC onto the pertinent low-
frequency filtered (by averaging on 20 year sliding win-
diows) variables (see Eq. 3, Eq. 4, and Figure 5).
Rk,U200 =
(
αk ·mncPC1 ·U200+ γk ·mncPC2 ·U200
W
)
(3)
Rk,SST =
(
αk ·mncPC1 ·SST + γk ·mncPC2 ·SST
W
)
(4)
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FIG. 4. Scatterplot of the 20 years moving windows significant correlations (according to a Monte-Carlo test at 95% significant level) between
interannual-PC (EuroMediterranean rainfall) and El Nin˜o3.4 index (positive correlations in red and negative correlations in blue), in relation to
mnc-PC1 and mnc-PC2 values. Centroids are denoted with a black mark. For reference, rainfall and SST spatial patterns associated with mnc-PC1
and mnc-PC2 (from Figure 3) are included in the axis.
where W indicates the number of 20 years sliding win-
dows considered. Figure 5 shows, therefore, the weighted
projections of mnc-PC1 and mnc-PC2 onto SST and U200
according the coordinates of the corresponding centroid
which characterise each cluster. In this way, the common
variability among the different models is maximized.
TABLE 3. Coordinates of each centroid shown in Figure 4
Centroid P Centroid N
α -0.9 0.9
γ -1.4 1.2
Note that in Figure 5 we are showing the anomalous
climatological state on which an El Nin˜o or an La Nin˜a
influences the EuroMediterranean rainfall in the so-called
P (Figures 4b,d) and N (Figures 4a,c) periods. The first
characteristic to highlight from Figure 5 is the similar, but
opposite, patterns found in P and N, which is explained
by the linear disposition of the clusters in the new base
(see mnc-PC1 versus mnc-PC2 in Figure 4; note also the
similar α and γ coefficients obtained for both centroids in
Table 3). Regarding the SST, an anomalous spatial pattern
resembling a negative (positive) IPO appears highlighted
in P (N) over the Pacific basin, identifying its characteris-
tic horseshoe signal at mid-latitudes. This spatial pattern
resembles a negative (positive) mnc-EOF2 over the North
Pacific (see Figure 3d, and Figures 5c,d), but with an en-
hanced meridional SST gradient around 30o, which is also
influenced by the strong cooling (warming) of the tropi-
cal Pacific associated with a negative (positive) mnc-EOF1
(see Figure 3c, and Figure 5c,d). Over the Caribbean Sea
and over the coast of California positive (negative) SST
anomalies are found in P (N). In the former case this fea-
ture reflects the mnc-EOF2 signature; whilst in the latter
case it reflects the influence of both, mnc-EOF1 and mnc-
EOF2. Regarding the upper level mean flow, a weakened
(strengthen) jet is found in P (N) over the North Pacific
and the Central American Continent (Figures 5a,b). Con-
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FIG. 5. Multidecadal patterns. SST (K; bottom) and U200 (ms−1; top) weighted-regression maps (see equations 3 and 4) onto mnc-PC1
and mnc-PC2, for P (right) and N (left) periods. Only the 95% significant areas according to a Monte-Carlo test are shaded. For U200 (bottom),
climatological values are also plotted in contours.
sidering that jet-streams are partially caused by the merid-
ional temperature gradient, a significant change in jets is
expected if air temperature gradients are altered. Related
to this, the aforementioned weakening (enhancement) of
the jet-streams in P (N) is coherent with the anomalous un-
derlying SST pattern, which appears in a way that dimin-
ishes (amplifies) the climatological SST meridional gra-
dient over these areas (see Figure A1 of supplementary
material for details).
Up to now we have analysed in this subsection the
anomalous climatological state obtained for P and N (Fig-
ure 5). Interannual phenomena like El Nin˜o can take place
superimposed on such climatologies. As it was shown in
subsection 3a, in those cases the extratropical impacts ap-
pears noticeably different over the NAE sector (Figure 2).
A remaining and unanswered question is to what extent
the low frequency variability of the climatological SSTs is
the responsible for the changes in the jet-streams which, in
turn, would produce the distinct wave activity in P and N.
To provide an answer to it we have calculated the Rossby
wave number Ks, whose relative maximum values can be
used as a sign of Stationary Rossby waveguides (Hoskins
and Ambrizzi 1993). According to Hoskins and Ambrizzi
(1993) Ks can be expressed as:
Ks =
(
β − ∂ 2U∂y2
U
)1/2
(5)
where β represents the change of planetary vorticity with
latitude ( ∂ f∂y ) and U the zonal mean flow.
In Figure 6 the rotational response represented in Figure
2e,f in relation to CMIP5 models is showed again (shaded
in Figure 2e,f but contoured in Figure 6) together with the
corresponding climatological Ks values (shaded in Figure
6; top and center). Although the TNH pattern is repro-
duced in both, P and N samples, a remarkable enhance-
ment of the downstream impact over the North Atlantic
appears for the former case (Figure 6; top). This feature
is explained by the reinforced waveguides over the North
Pacific and the North American Continent in P (shaded red
in Figure 6; bottom), which favour the Rossby wave prop-
agation associated with ENSO from the tropical Pacific
towards the NAE (contoured in Figure 6; bottom).
According to the definition of Ks (Eq. 5), in those ar-
eas surrounding the extratropical westerly jets (U > 0), Ks
is defined only if the numerator of equation 5 is positive.
Moreover, its magnitude, which is modulated by the in-
tensity of U , depends on the second order derivative of
the zonal flow, that is, on its concavity. According to this,
jet-streams enhance its efficiency to propagate stationary
Rossby waves in those areas where they are changed in a
way that ∂
2U
∂y2 < 0.
By carefully looking at the P-N differences in the first
and second order derivatives of the climatological U200
over the North Pacific and the North American Continent
(shaded and contoured, respectively, in Fig. A2 of sup-
plementary material), one can relate the enhanced Rossby
waveguides in P with respect to N (Figure 6; bottom) to
the weakened climatological U200 found, approximately,
10o-20ofurther south (Figures 5a,b). In turn, these min-
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FIG. 6. Changing interannual teleconnection. Mean Stationary Rossby wavenumber KS at 200hPa (shaded) together with the streamfunction
at 200hPa (contoured) averaged over the 18 CMIP5 models in those periods in which the correlation between the interannual PC of EuroMediter-
ranean rainfall and El Nin˜o3.4 index is positive (P periods; top) or negative (N periods; middle) at 95% significant level (according to a Monte-Carlo
test). At the bottom the difference P-N. In P and N ci= 4 ·105ms−2, being the minimum contours represented 2 ·105ms−2 and−2 ·105ms−2 for pos-
itive and negative streamfunction values, respectively. For P-N difference, ci= 2 ·105ms−2, being 105ms−2 and −105ms−2 the minimum contours
plotted for positive and negative values.
ima (maxima) of climatological U200 in P (N) over the
North Pacific were previously related to the anomalous
climatological SST meridional gradient. Thus, according
to our results, the non-stationary teleconnection between
ENSO and the EuroMediterranean rainfall identified in
CMIP5 models (Figure 2) can be explained by the change
in Rossby wave propagation from the tropical Pacific to
the NAE sector (Figure 6), which in turn is produced by
the low frequency variability of the jet-streams associated
with the underlying SST (Figure 5 and Figures A1 and A2
of supplementary material).
4. Summary and Final Discussion
The internal contribution of the ocean-atmosphere cou-
pled system to the non-stationary teleconnection, identi-
fied in previous observational works, between El Nin˜o and
the leading EuroMediterranean anomalous rainfall mode
in late winter-early spring (Lo´pez-Parages and Rodrı´guez-
Fonseca 2012; Lo´pez-Parages et al. 2015), has been thor-
oughly examined in this study. For this purpose, long-term
preindustrial control simulations (piControl) from 18 dif-
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ferent models involved in the Coupled Model Intercom-
parison Project Phase 5 (CMIP5), have been used.
For each model, the EuroMediterranean rainfall vari-
ability mode which is the closest to the leading observa-
tional one has been selected (the so-called CMIP5 inde-
pendent EOFs). Then, those 20 years periods for which a
significant correlation between the corresponding PC and
El Nin˜o34 index is found, are grouped and analysed as a
whole by computing ensemble means of regression maps
for different variables. The resultant patterns reflect a
changing impact of ENSO on the EuroMediterranean rain-
fall in a way consistent with the spatial structures related to
the non-stationary observational link (Mariotti et al. 2002;
Knippertz et al. 2003; Sutton and Hodson 2003; Gouirand
and Moron 2003; Greatbatch et al. 2004). This feature is
characterized in both, observations and CMIP5 models, by
a noticeably distinct downstream impact of ENSO-related
Rossby waves over the NAE sector amongst different pe-
riods.
In order to find the optimum background state that mod-
ulates the ENSO teleconnection with the EuroMediter-
ranean rainfall, the aforementioned changing link has been
explored by an alternative approach. This new method-
ology looks for the time evolution of the teleconnection
by calculating the principal directions in which the 20
year correlation map between ENSO and the EuroMediter-
ranean rainfall evolve (see subsection 2). This new proce-
dure, which highlights the common variability among the
different CMIP5 models, makes possible the characteriza-
tion of the ENSO teleconnection with the EuroMediter-
ranean rainfall under a new base. To this aim, the signif-
icant correlations between the PCs from the independent
EOFs and El Nin˜o34 index are divided into two differ-
ent clusters in the new mathematical base. Subsequently,
as SST and zonal mean flow at the upper troposphere
have been both addressed as modulators of the ENSO-
EuroMediterranean rainfall teleconnection at interannual
timescales (Lo´pez-Parages et al. 2015), the spatial patterns
of these fields which are associated with the mean state of
each of the aforementioned clusters, have been obtained.
According to our results, those periods for which a
strong (weak) ENSO-related wave activity is identified
over the NAE, are characterised by a weakened (strength-
ened) jet stream over the North Pacific and the Central
American Continent, which favour (undermine) the propa-
gation of Rossby waves from the tropical Pacific to extrat-
ropical latitudes and their downstream impact over the Eu-
roMediterranean region. It has been concluded that these
changes in the upper tropospheric mean flow are associ-
ated with multidecadal variability of the underlying SST,
which alters the meridional temperature gradient of the
Earth’s atmosphere and hence, the normal configuration
of jet streams. This study demonstrates, therefore, that the
non stationary behaviour of the ENSO-EuroMediterranean
rainfall teleconnection found in observations can be re-
produced by internal variability of the coupled ocean-
atmosphere system.
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Supplementary Material
Figure A1: Regional SST anomalous patterns, over the North Pacific and Central America, obtained as P-N difference
from Figures 5c,d (K; shaded). In contours the climatological SST temperature. Grey bar indicates, approximately,
the position of the main U200 centre of action identified in Figures 5a,b over these regions.
In Figure A1 it is possible to note how in those areas where the gray bars are, the anomalous
meridional temperature gradient (see shaded areas) appears in a way that diminishes (strength)
the climatological SST meridional gradient (see contours). And it coincides, approximately, with
those regions where multidecadal anomalous U200 weakens (enhances) in P (N) (see Figure 5).
Figure A2: As Figure A1 (P-N difference) but for the first (shaded) and second (contoured, being solid lines positive
values and dashed lines negative ones) order derivatives of U200 with respect to the latitude.
Gray bars previously plotted in Figure A1 are added in Figure A2 together with the first
(shaded) and second (contoured, being solid lines positive values and dashed lines negative ones)
order derivatives of U200. According to this figure the location of the negative centers of this
second order derivative over the North Pacific and the North American Continent coincides with
the reinforced waveguides found over these regions (Figure 6; bottom) in P periods. Taking into
6.2 ENSO - Leading EMedR mode: a teleconnection modulated by internal variability 109
account the Equation 5 it seems therefore to be clear how the changes identified in the Stationary
Rossby waveguides (Figure 6; bottom) respond to the low frequency variability of the jet-streams
(Figures 5a,b, and Figure A2) associated with the underlying SST (Figure A1).
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In this part of the results section, a set of experiments in which diverse idealised SST El Niño
signals are superimposed over different SST mean states, are performed with the ACCESS model.
These results are presented in the following publication:
6.3.1 López-Parages, J., Rodríguez-Fonseca, B., Dommenget, D., and Frauen, C.: ENSO influ-
ence on the North Atlantic European climate: A non-linear and non-stationary approach,
Clim. Dyn., under review (CLDY-D-15-00443R1), 2015.
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Abstract El Nin˜o Southern Oscillation (ENSO) impact on
the North Atlantic European sector (NAE) is still under dis-
cussion. Recent studies have found a non stationary fea-
ture of this teleconnection, suggesting an effective modu-
lating role of the ocean mean state. Nevertheless, physical
explanations about the underlying mechanisms have been
little studied in the available literature. In addition, ENSO
events shows different SST spatial patterns, phases, and am-
plitudes, which can also influence on the related remote im-
pacts. In view of all this, in the present study a set of partially
coupled experiments have been performed with a global at-
mospheric general circulation model, in which different SST
ENSO patterns are superimposed over distinct Pacific and
Atlantic SST mean states. The SST background conditions
are constructed according to the observational difference be-
tween periods with a distinct impact of ENSO on the lead-
ing Euro-Mediterranean rainfall mode in late winter-early
spring. Our results point to two distinct mechanisms asso-
ciated with ENSO that can be modulated by the SST mean
state: 1) the thermally driven direct circulation (Walker and
Hadley cells) connecting the Atlantic and Pacific basins, and
2) the Rossby wave propagation from the tropical Pacific to
the North Atlantic. The former elucidates that the positive
NAO-like pattern usually related to La Nin˜a events could be
only valid for selected decades. The latter explains a rein-
forced signature of Eastern Nin˜os on the Euro-Mediterranean
rainfall when the tropical Pacific is warmer than usual and
the North Atlantic is colder than usual. This feature is con-
sistent with the changing ENSO impact identified in pre-
J. Lo´pez-Parages
Departamento de Fı´sica de la Tierra, Astronomı´a y Astrofs´ica I
(Geofı´sica y Meteorologı´a). Instituto de Geociencias UCM-CSIC, Fac-
ultad de C.C. Fı´sicas , Universidad Complutense de Madrid (UCM),
Pza de las Ciencias, 28040, Spain
Tel.: +0034-91-3944513
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vious studies and demonstrates how the ENSO teleconnec-
tion with the NAE climate at interannual timecales could be
modulated by multidecadal changes in the SST. According
to our results, the assumption of stationarity which is still
common to many studies of ENSO teleconnections clearly
has to be questioned.
1 Introduction
El Nin˜o-Southern Oscillation (ENSO) is the coupled ocean-
atmosphere mode that is considered as the main driver of
global atmospheric teleconnections at interannual timescales.
Its oceanic component (El Nin˜o), which is characterized by
anomalous Sea Surface Temperatures (SSTs) over the equa-
torial Pacific Ocean, alters the sources of atmospheric heat-
ing and, as a consequence, affects remote regions around the
globe. During El Nin˜o (La Nin˜a) events the central-eastern
tropical Pacific becomes warmer (colder) and the related at-
mospheric convection and rainfall are shifting along with
the anomalous temperature. ENSO related changes in the
local divergent flow induce further changes in the divergent
and non-divergent (or rotational) flow, therefore impacting
distant areas through different teleconnection mechanisms.
In the last decades a series of publications have found a
non-linear response of zonal winds in the central Pacific to
SST anomalies (Kang and Kug, 2002; Philip and van Old-
enborgh, 2009; Frauen and Dommenget, 2010). This fea-
ture could be associated with two distinct and documented
El Nin˜o patterns, Eastern Pacific (EP) and Central Pacific
(CP), which have discernibly different impacts on remote
regions (Kug et al., 2009; Kao and Yu, 2009; Choi et al.,
2011; Frauen et al., 2014). However, whilst the ENSO sig-
nature over the Pacific and the tropics has been highly an-
alyzed, ENSO response over extratropical regions requires
further investigation. One of the less understood teleconnec-
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tions is the one associated with the North Atlantic European
Sector (NAE), which even is far from being unequivocally
accepted (Bro¨nnimann (2007) and paper therein).
The divergent flow response associated with ENSO in-
volves 1) changes in the Hadley and Walker cells in relation
to variations in the convection (Wang, 2002b; Wang and En-
field, 2003; Wang and Picaut, 2004; Ruiz-Barradas et al.,
2003) but also 2) changes in the rotational flow by the mod-
ification of the planetary vorticity and hence, the triggering
of Rossby waves (Cassou and Terray, 2001; Honda et al.,
2001).
Regarding the changes in the direct circulation, six cen-
ters of action of velocity potential appear when an ENSO
episode occurs: three over the equator (western Pacific, east-
ern Pacific, and Atlantic) and three over mid-latitude regions
(west Pacific, near Caribbean Sea, and Europe). These di-
vergent and convergent centers along the globe represent a
weakening (for El Nin˜o; strengthening for La Nin˜a) of the
Pacific and Atlantic Walker circulations (equatorial centers),
and its related Hadley cells in the subtropics (Wang, 2002a;
Wang and Picaut, 2004). Thus, climate variability over the
NAE could be significantly linked (or not) with tropical Pa-
cific SSTs depending on the intensity and spatial configura-
tion of the previously mentioned anomalous circulations.
Regarding the changes in the rotational flow, the most
accepted dynamical mechanism explaining the ENSO-NAE
teleconnection via the troposphere implies the disturbance
of the Aleutian low through variations in the Pacific Hadley
circulation in early and mid winter, and then the downstream
propagation of Rossby wavetrains across North America from
January (Honda et al., 2001; Moron and Gouirand, 2003).
From this month the canonical Tropical Northern Hemisphere
Pattern (TNH), which is organized in three centers of actions
along the North Pacific-American sector (Mo and Livezey,
1986; Barnston and Livezey, 1987; Livezey and Mo, 1987;
Trenberth et al., 1998), is completely established (Blade´ et al.,
2008), together with a split of the Rossby wavetrain impact-
ing Eurasia (Karoly et al., 1989). The resultant rotational at-
mospheric response to ENSO is formed by a TNH-like pat-
tern and the abovementioned split of the wavetrain, reveal-
ing a quasi barotropic structure, and representing the leading
rotational mode of upper level streamfunction in the NAE
(Garcı´a-Serrano et al., 2011).
It is worth noting that the ENSO atmospheric signal de-
tection in NAE is difficult due to the fact that the atmo-
spheric interannual variability over this region is highly dom-
inated by internal processes (Trenberth et al., 1998; Quadrelli
and Wallace, 2002). Nevertheless, the above mentioned stud-
ies together with other statistical analyses point to a robust
ENSO response (Bro¨nnimann, 2007), which is seasonal de-
pendant (Moron and Gouirand, 2003; Mariotti et al., 2002),
maybe nonlinear (Wu and Hsieh, 2004; Pozo-Va´zquez et al.,
2005a), and possibly nonstationary in time (Knippertz et al.,
2003; Sutton and Hodson, 2003; Gouirand and Moron, 2003;
Greatbatch et al., 2004), with the late winter being the more
appropriate season for finding a robust signal (Bro¨nnimann,
2007). However, a better understanding of how this link is
affected by different phases, spatial patterns, and strengths
of ENSO events, is necessary.
Concerning the non-stationary behavior of the response,
several studies have found a strong impact of ENSO over the
Euro-Mediterranean rainfall in late winter and early spring
during the beginning of the 20th century (1900s-1920s) and
after the sixties (1970s-1980s), compared to a weak signal in
the decades in between (Mariotti et al., 2002; Lo´pez-Parages
and Rodrı´guez-Fonseca, 2012). Nevertheless, this changing
response is not completely accepted and a clear agreement
about the possible underlying mechanism is still needed.
Several studies have indicated the importance of a realistic
representation of the SST mean state in order to properly re-
produce the atmospheric response to SST anomalies (Peng
and Whitaker, 1999; Cassou and Terray, 2001). Related to
this, in a recent paper Lo´pez-Parages et al. (2014) have at-
tributed the variable ENSO-EuroMediterranean rainfall link
to changes in the upper mean flow associated with the multi-
decadal variability of the SST. Thus, new challenges related
to a possible modulation of the already not-completely un-
derstood ENSO-NAE teleconnection, appear.
With the aim to shed light on these questions, an atmo-
spheric general circulation model (AGCM) is forced in this
work with idealized ENSO SST patterns (of different spa-
tial configurations, strengths, and signs) under distinct ocean
background states to test, which of the aforementioned fea-
tures are determinant to better achieve the changing impact
of ENSO events on the European region.
The article is organized as follows. We begin by pre-
senting the data and model simulation used for this study
(Section 2). The remote impact of ENSO on the NAE is an-
alyzed in Section 3 for different types of El Nin˜o and La
Nin˜a events, paying special attention to the non-linear fea-
tures. Finally, in Section 4, a brief summary and a discussion
are presented.
2 Data and Model
In this work a low resolution version (3.75◦ x 2.5◦) of the
atmospheric component of the Australian Community Cli-
mate and Earth System Simulator (ACCESS) model (Bi et al.,
2013) is used to analyze the role of the ocean mean state as
modulator of ENSO teleconnections with the NAE climate
in February-March-April after the mature phase of ENSO
events, according to Lo´pez-Parages and Rodrı´guez-Fonseca
(2012) and Lo´pez-Parages et al. (2014).
ACCESS Model is made up of the Met Office (UKMO)
Unified Model AGCM with Hadley Centre Global Environ-
ment Model version 2 (HadGEM2) physics (Davies et al.,
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2005; Martin et al., 2010; Martin et al., 2011). In the present
study this model is coupled in some specific regions to a
simple slab ocean model (Washington and Meehl, 1984; Dom-
menget and Latif, 2002; Murphy et al., 2004; Dommenget,
2010) letting the SSTs over these regions to respond to the
different spatial patterns of SST forcing, which in turn are
defined from HadISSTs data (Rayner et al., 2003). A flux
correction, however, is required to force the model SSTs
to closely follow a reference SST climatology (1950-2010).
The sea ice climatology is also prescribed here from HadISST
dataset.
First of all, a set of control simulations, for which the
aforementioned reference SST climatology is modified over
the Atlantic (40S-80N) and the tropical Pacific (30S-30N)
basins, are performed. To this aim, an anomalous SST pat-
tern (Figure 1a) corresponding to the difference between pe-
riods with a distinct impact of ENSO on the European and
Mediterranean rainfall in late winter-early spring (Mariotti
et al., 2002; Lo´pez-Parages and Rodrı´guez-Fonseca, 2012),
is added or subtracted to the reference SST climatology. This
pattern (1a), which resembles an Atlantic Multidecadal Os-
cillation structure (AMO; Knight et al. (2005); Kang et al.
(2014)), has been only prescribed here over the Atlantic and
the tropical Pacific. This has been done in order to take into
account, not only the Atlantic SSTs associated with the AMO,
but also the AMO signature on the tropical Pacific (Kucharski
et al., 2015; Dong et al., 2006), which could influence the
processes involved during the ENSO event. Furthermore,
to better analyze the influence of the changing SST back-
ground state on the ENSO-NAE teleconnection the ampli-
tude of this anomalous SST pattern, has been doubled. The
resultant ”modified climatologies” (obtained by adding or
subtracting Figure 1a with double amplitude to the reference
1950-2010 climatology) are hereinafter referred as P and N,
respectively, in accordance to the positive (P) and negative
(N) links, between El Nin˜o and rainfall variability in central
Europe, identified in Lo´pez-Parages et al. (2014).
Secondly, for these modified climatologies, a series of
sensitivity experiments (see Table 1) are performed super-
imposing different idealized ENSO patterns as defined in
Dommenget et al. (2013). These patterns (Figures 1b and
c), which represent the non-linear spatial structure of ENSO
events in an optimal way, have been normalized to have a
Nin˜o-3.4 (5S-5N, 120-170W) mean SST anomaly of +1K
(for El Nin˜o events) or -1K (for La Nin˜a events), as in Frauen
et al. (2014). Hereinafter these spatial patterns will be re-
ferred as Eastern (EP) and Central (CP) ENSO. Note, how-
ever, that in these sensitivity experiments performed with an
AGCM only the oceanic component of ENSO (El Nin˜o) is
prescribed. Outside the Atlantic and the tropical Pacific, the
AGCM model is coupled to the simple slab ocean model. All
the experiments are performed considering different signs
Table 1 Overview of the simulations performed in this study. All of
them are 50 years long
ENSO SST mean state
amplitude P N
+200% EP200 P CP200 P EP200 N CP200 N
+100% EP100 P CP100 P EP100 N CP100 N
Control P N
-100% -EP100 P -CP100 P -EP100 N -CP100 N
-200% -EP200 P -CP200 P -EP200 N -CP200 N
(El Nin˜o and La Nin˜a) and amplitudes (100% and 200%) of
ENSO forcing.
The mean response of each sensitivity experiment has
been calculated and compared with the other experiments in
order to answer different open questions regarding the in-
fluence of distinct types of ENSO phases and patterns (El
Nin˜o and La Nin˜a; EP and CP) under different ocean mean
states (P and N). The significant differences have been eval-
uated through the non-parametric Wilcoxon-Mann-Whitney
test (Wilks, 2011).
It is worth to note how the experimental design applied
here only allows us to investigate the direct global impacts
of tropical Pacific SSTs during ENSO events and does not
capture the entire global impact of ENSO. For instance, the
ENSO signature over the Tropical North Atlantic, which
also influences the ENSO-related atmospheric response over
the North Atlantic and Europe (Mathieu et al., 2004; Ham
et al., 2014), is not captured here (taking into account that
the AGCM is not coupled to the slab ocean model over the
Atlantic basin). Thus, the present study is designed only in
order to isolate the direct link between tropical Pacific SSTs
during ENSO events and the NAE climate.
A basic observational validation of our experimental re-
sults has been also presented in this study. For this purpose,
SLP data from NCAR (Trenberth and Paolino, 1980) and
from the 20th century reanalysis V2 (20CR; Compo et al.
(2011)) provided by the NOAA, have been used. The signifi-
cance of the observational patterns has been also determined
by the Wilcoxon-Mann-Whitney test.
3 Results
3.1 ENSO responses under different background
climatologies
In this section the anomalous responses, in February-March-
April, to distinct ENSO SST patterns (with different signs,
amplitudes and spatial patterns) under P and N climatolo-
gies, are obtained. The impact is analyzed, for each case,
at upper and surface levels, normalizing the ENSO-related
116 6. Results“lopezparages˙tesis” — 2015/10/8 — 12:29 — page 4 — #4
4 Jorge Lo´pez Parages et al.
a)
b)
c)
Fig. 1 a) P (1910-1940 + 1965-1990) minus N (1941-1955 + 1995-
2009) Sea Surface Temperature annual mean state obtained from
HadISST. Units are [K] b) Standardised EP 100% ENSO pattern c)
Standardised CP 100% ENSO patterns. ENSO patterns (the same as in
Dommenget et al. (2013)) are normalised by their corresponding SST
anomalies over the El Nin˜o34 region [K/(KNino34)−1]. The simple
slab ocean model is active outside the Atlantic and the tropical Pacific
(white areas in figure above).
patterns by the mean Nin˜o-3.4 SST anomaly values. In or-
der to distinguish the rotational and divergent signals in the
upper troposphere, the atmospheric streamfunction and the
velocity potential at 200hPa have been presented.
Additionally, the wave activity flux (WAF), which is a
vector approximately parallel to the local group velocity of
Rossby waves, has been computed directly from the zon-
ally asymmetric part of the anomalous streamfunction re-
gression maps (assuming stationary Rossby waves and ne-
glecting vertical movements; see equation 38 of Takaya and
Nakamura (2001) for further details).
3.1.1 EP El Nin˜os
For Eastern Pacific El Nin˜os (EP), the atmospheric response
appears stronger in P than in N at upper (Figure 2) and sur-
face (Figure 3) levels. In both cases, the model is able to re-
produce the ENSO-related rotational impact over the NAE
in late winter and early spring (Gouirand and Moron, 2003;
Moron and Plaut, 2003; Garcı´a-Serrano et al., 2011), that
is, a well established TNH pattern together with a signif-
icant center located downstream over the European conti-
nent. This enhanced signal in P with respect to N is less no-
ticeable when the EP forcing is doubled (Figures 2b,d and
3b,d).
For EP100 El Nin˜os, the intense rotational response in
P (Figure 2a) contrasts with the weaker wave activity in N
(Figure 2c). This seems to be due to the stronger divergence
identified over the tropical Pacific in the former case (see
contours in Figures 2a,c), for which the two twin anticy-
clones straddling the equator and related to the typical Gill-
type atmospheric response to equatorial anomalous heating
(Gill, 1980), appear also reinforced. Considering that re-
mote impacts associated with tropical convection are sen-
sitive to absolute rather than anomalous values of SST, tem-
peratures required for deep convection (preferentially ex-
ceeding a threshold of 26◦-28◦; see Graham and Barnett
(1987)) are favored in P mean state, in which the underly-
ing tropical Pacific is warmer (Figure 1a; see also Figure
A1 of supplementary material). If EP El Nin˜os are strong
(200%) this threshold is exceeded in both, P and N, and
so, their related upper level perturbations look similar (Fig-
ures 2b,d). Two distinct wavetrains can be clearly identi-
fied over the northern hemisphere in those cases in which
a strong rotational response is found (in P for normal El
EP Nin˜os and in both, P and N, for strong EP El Nin˜os).
One is generated from the west Pacific extending east across
the North Pacific and then south over North America. A
second wavetrain originates from the east tropical Pacific
and crosses the North Atlantic northward until the British
Islands, where it is reflected towards lower latitudes over
the Euro-Mediterranean region. The resultant SLP patterns
highlights the barotropic nature of the anomalous perturba-
tion (contours in Figures 3a,b,d). As a consequence, a deep
low pressure system appears over the British Islands, and a
significant impact on European rainfall is found (shaded in
Figures 3a,b,d), being similar to the ENSO-related impact
identified in previous studies (Moron and Gouirand, 2003;
Bulic´ and Kucharski, 2012). It is interesting to note that,
for EP100 in N, the three centres over Florida, the Labrador
Strait and, in particular, over the British Islands appear no-
ticeably weakened (Figure 3c). Hence, the significant Euro-
Mediterranean rainfall pattern associated with ENSO is not
found (Figure 3c). The aforementioned responses are coher-
ent with the distinct ENSO signature on Euro-Mediterranean
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a)
c) d)
b)
Fig. 2 EP El Nin˜os. Streamfunction (units in 107m2/s), velocity potential (with opposite sign; 107m2/s), and wave activity flux (arrows;
m2/s2), at upper troposphere (200hPa) under P (top) and N (bottom) mean states. On the left side, results for 100% EP ENSO amplitude. On the
right side, for EP 200% amplitude. The patterns are February-March-April seasonal means normalized by the corresponding SST mean anomalies
over the El Nin˜o3.4 region (Units in K−1). Only the 95% significant regions are shown for streamfunction (shaded areas). For velocity potential
(purple contours) the whole signal is plotted but only the 95% significant response is bolded. The minimum (maximum) contour represented, for
positive (negative) values, is 0.05 · 107 (−0.05 · 107), with ci= 0.05 · 107. Only the WAF values larger than 1 m2/s2 are shown, being removed
the values for equatorial latitudes (lower than 10).
rainfall identified, for late winter and early spring, before
(under a P-like SST mean state configuration) and after (un-
der a N-like SST mean state configuration) the 1920’s, and
before (under a N-like SST mean state configuration) and af-
ter (under a P-like SST mean state configuration) the 1960’s
(Mariotti et al., 2002; Lo´pez-Parages and Rodrı´guez-Fonseca,
2012; Lo´pez-Parages et al., 2014). It is worth, however, to
quantify the amplitude in the response between observational
and model impacts. According to Lo´pez-Parages et al. (2014),
an anomaly of 8 mm/month is detected for central European
rainfall in relation to 1K anomalous warming over the tropi-
cal Pacific (see Figures 2b and 2d of that paper). By carefully
looking at the EP100 ENSO signature on European rainfall
in our idealised experiments (Figure 3a), between 0.4 and
0.5 ·10−5Kg/m2s anomalous rainfall is obtained on central
Europe for 1.3K warming in the Nin˜o 3 region (Figure 1b).
This implies between 8 and 10 mm/month/K Nino3, which
reflects a slight overestimation of rainfall in the model with
respect to the observations. Let us consider, in order to illus-
trate these magnitudes, the averaged rainfall in FMA for La
Corun˜a (north-western Iberia; data from the Spanish Me-
teorological Agency) and Paris (data from Me´te´o-France),
which corresponds to 83 and 47 mm/month, respectively.
According to this, an anomalous EP El Nin˜o episode of 1K
amplitude is related to an enhanced rainfall in these loca-
tions of around 10% − 12% (La Corun˜a) and 17% − 21%
(Paris).
A closer inspection also reveals a changing response of
surface rainfall over the tropical North Atlantic (Figure 3),
which seems to be associated with the distinct eastward ex-
tension of the divergence flow signal forced by ENSO (con-
tours in Figure 2). Related to this, for EP200 events a sig-
nificant rainfall impact is found over the whole TNA and
the Sahelian region in P (Figure 3b), while the areas with a
significant signature are reduced in N (Figure 3d). A simi-
lar difference can be observed between EP100P (Figure 3a)
and EP100N (Figure 3c). As it was previously noted, the
remote impacts associated with tropical convection depend
on absolute values of SST. Hence, the aforementioned ex-
tension of the divergent flow towards the TNA depends on
both, the Pacific SST mean state (P or N), and the intensity
of the EP El Nin˜o event. Thus, when a strong EP El Nin˜o
happens under a warm Pacific background state (P), the di-
vergent flow over the TNA is highly perturbed (Figure 2b),
and a significant impact is found in rainfall (Figure 3b). On
the contrary, if a weak EP El Nin˜o happens over a cold Pa-
cific background state (N), the perturbation at upper levels is
clearly reduced (Figure 2c), and the rainfall signature over
the TNA weakens (Figure 3c). According to this, EP100P
(weak EP El Nin˜o plus warm Pacific mean state; see Figures
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a)
c) d)
b)
Fig. 3 EP El Nin˜os. Rainfall (shaded; 10−5Kg/m2s), SLP (red and green contours for positive and negative values, respectively; Pa), and WAF
(arrows; m2/s2), over the NAE sector under P (top) and N (bottom) mean states. On the left side, results for 100% EP ENSO amplitude. On
the right side, for EP 200% amplitude. The patterns are February-March-April seasonal means normalized by the corresponding Nin˜o3.4 mean
anomalies (Units in K−1). Only the 95% significant regions are shown for rainfall. For SLP (purple contours) the whole signal is plotted but only
the 95% significant response is bolded. The minimum (maximum) contour represented, for positive (negative) values, is 30 (−30), with ci= 30.
Only the WAF values larger than 1 m2/s2 are shown, being removed the values for equatorial latitudes (lower than 10).
2a and 3a) and EP200N (strong EP El Nin˜o plus cold Pacific
mean state; Figures 2d and 3d) reflect intermediate cases.
3.1.2 CP El Nin˜os
As for EP El Nin˜os, atmospheric response to the Central Pa-
cific El Nin˜os (CP) appears stronger in P than in N (see Fig-
ure 4). The main wavetrain associated with the well-known
TNH pattern is obtained for both intensities (CP100 and
CP200) and ocean mean states (P and N), finding a simi-
lar response as for EP events. Nevertheless, the rotational
impact over Europe appears weaker and more northerly lo-
cated than for EP El Nin˜os. At surface, a negative NAO-like
pattern emerges (Figure 5), showing different intensities de-
pending on the mean state and, most specially, on the ampli-
tude of the El Nin˜o forcing.
The intensified rotational response of CP Nin˜os in P is
explained, as for EP Nin˜os, by the stronger divergence signal
over the tropical Pacific (contoured in Figure 4). The diver-
gent response for CP100N (Figure 4c) is, however, not as
weak as for EP100N (Figure 2c). This feature is explained
by the fact that, in N, the climatological SSTs in the western
tropical Pacific (Figure 1a, opposite sign for N periods) are
warmer than on the eastern side, which allows the develop-
ment of deep convection easily in this region if an anoma-
lous warming is superimposed. As a consequence, the ro-
tational signal over the Pacific North American sector is
slightly stronger for CP than for EP events (note the stronger
Aleutian low in Figure 4 with respect to Figure 2). Over the
North Atlantic, on the contrary, a weakening of the WAF
is found for CP in both, P and N. Related to this, the cen-
tre of streamfunction over Canada (positive) appears weaker
and more zonally elongated than for EP El Nin˜os and so, a
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a)
c) d)
b)
Fig. 4 CP El Nin˜os. Same as Figure 2 but for CP El Nin˜os.
a)
c) d)
b)
Fig. 5 CP El Nin˜os. Same as Figure 3 but for CP El Nin˜os.
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totally positive SLP signal is found at high latitudes (Fig-
ure 5). This feature is specially marked in N, for which the
positive SLP signal is statistically significant (Figure 5c,d).
Regarding the divergent flow response (contours in Figure
4), it seems that the eastward extension over the subtropi-
cal North Atlantic appears reinforced in P. At surface (Fig-
ure 5), however, no clear differences are identified between
P and N at subtropical latitudes. On the contrary, the most
distinguishable response is obtained in relation to the inten-
sity of the CP event instead of in relation to the background
state, finding a significant impact over the Azores region for
strong CP El Nin˜os in both, P and N (Figure 5b,d).
A joint analysis of the rotational and the divergent flow is
needed to understand this impact at surface levels. Accord-
ing to the results obtained here the shape of the aforemen-
tioned centre of streamfunction over Canada (positive), not
only produces the high SLPs over the North Atlantic, but
also influences the impact over the Azores region through
the divergent flow: If this centre appears slightly southeast-
ward elongated towards the subtropical Atlantic (as in P)
the Azores high is significantly perturbed only if the diver-
gent impact associated with ENSO is really strong (Figures
4b and 5b); whilst, if this centre is weaker and zonally dis-
tributed (as in N), a slight increase of the divergent flow is
enough to significantly change the Azores high (Figures 4d
and 5d).
Thus, the changing dipole SLP configuration obtained
for CP El Nin˜os is broadly explained by: 1) a distinct prop-
agation of stationary Rossby waves and 2) a different east-
ward extension towards the North Atlantic of the divergent
flow signal associated with ENSO.
The aforementioned signatures over the NAE related to
CP and EP El Nin˜os resemble the documented responses in
relation to ”moderate” and ”strong” El Nin˜os (Toniazzo and
Scaife, 2006), which responds to the fact that the latter are
closely associated with the EP pattern prescribed here (see
Figure 2 from Frauen et al. (2014)).
3.1.3 La Nin˜as
A first view of the La Nin˜a experiments reveals a weaker
response than for El Nin˜o episodes in both, the rotational
and the divergent flow (see Figure 6).
A reinforced TNH pattern associated with CP La Nin˜a
events is identified in P (Figures 6a,b) compared to N (Fig-
ures 6c,d). This fact, which occurs as a consequence of the
stronger convergence in the upper troposphere over the trop-
ical Pacific in P, is in agreement with Frauen et al. (2014),
who found a stronger atmospheric response for the same
SST anomalies under a warmer background tropical Pacific
(as occurs here in P). The downstream signal over the NAE
is much weaker than for El Nin˜o episodes. A significant cen-
ter of negative streamfunction is found at upper levels over
Western Europe (Figures 6a,c), spreading eastward when La
Nin˜a amplitude is doubled (Figures 6b,d). A positive center
is also obtained at higher latitudes, being situated over the
North Atlantic in N (Figures 6c,d), and further east over the
Northern Eurasia in P (Figures 6a,b). This feature seems to
explain the positive SLP signal identified in N over Iceland
and its surrounding areas (Figures 7c,d), differently from P,
for which the SLP anomalies obtained over the same region
are negative (Figures 7a,b).
At lower latitudes the stronger convergence detected over
the tropical Pacific in P (Figures 6a,b) with respect to N
(Figures 6c,d) reinforces the climatological Walker cell con-
necting the tropical Pacific with the tropical Atlantic. As a
consequence, an anomalous divergence is found over the
tropical Atlantic in P, which is related to the enhancement
of the two twin anticyclones straddling the equator (Fig-
ures 6a,b). This stronger inter-basin connection strengthens,
in turn, the meridional Hadley cell over the Atlantic basin
(Wang, 2002b), favouring therefore the intensification of the
Azores high pressure system (Figures 7a,b). In N, on the
contrary, the inter-basin connection is much less intense,
and the aforementioned perturbation over the Azores is not
found (Figures 7c,d).
The aforementioned characteristics are broadly repro-
duced for EP La Nin˜as, finding however a weaker impact
over the NAE sector than for CP La Nin˜as (see Figures A2
and A3 of supplementary material).
4 Summary and Discussion
In this study the role of the ocean mean state as a modulator
of the ENSO-NAE teleconnection in late winter and early
spring (February-March-April) is explored. To this aim, a
set of sensitivity experiments, in which a full complexity
AGCM is forced with standardised ENSO patterns of dif-
ferent signs and strengths, are performed. These ENSO pat-
terns are, in turn, superimposed over distinct SST background
states over the Atlantic and the tropical Pacific basins. These
background SST patterns are obtained by adding the differ-
ence between the climatologies in those periods, in which
the impact of ENSO over the Euro-Mediterranean rainfall is
different, to a control climatology (1950-2010).
Regarding El Nin˜o events it has been found that, a wave-
train crossing the North Atlantic north-eastward reaches the
European Continent and a significant impact on the Euro-
Mediterranean rainfall is obtained, if the anomalous heating
occurs in the eastern side of the tropical Pacific (EP Nin˜os).
This feature is dependent on the ocean mean state (P or N),
specially if the El Nin˜o amplitude is ”normal” (100% EP
events). According to this, the aforementioned wavetrain as-
sociated with normal EP Nin˜os is clearly enhanced when the
tropical Pacific SST mean state is warmer than usual and the
North Atlantic SST mean state is colder than usual.
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a)
c) d)
b)
Fig. 6 CP La Nin˜as. Same as Figure 2 but for CP La Nin˜as.
c) d)
b)a)
Fig. 7 CP La Nin˜as. Same as Figure 3 but for CP La Nin˜as.
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If the heating associated with El Nin˜o occurs in the cen-
tral tropical Pacific (CP El Nin˜os) the wavetrain towards
the North Atlantic is more zonally guided, which favours a
weakening of the Iceland low pressure system. Under these
circumstances, a significant weakening of the Azores high is
also found if the CP El Nin˜o is ”strong” (200% CP events).
In these cases, an anomalous negative NAO-like pattern is
identified.
Regarding La Nin˜a events a weaker impact, compared
to that of El Nin˜o events, is detected over the NAE sector.
Opposite SLP signatures, at high and subtropical latitudes,
are found for the same La Nin˜a pattern over the North At-
lantic depending on the SST background state. If the tropical
Pacific SST background conditions are warmer than usual,
a stronger anomalous convergence is detected in the upper
troposphere when a La Nin˜a pattern is superimposed. Under
these circumstances the Rossby wavetrain associated with
the La Nin˜a forcing is modified, and the zonal and thermally
driven Walker cell connecting the Pacific and the Atlantic
basins is enhanced. These characteristics associated with CP
La Nin˜as are broadly reproduced for EP La Nin˜as, just find-
ing slight differences in the intensity and spatial location
of some centers of action (see Figure A2 of supplemen-
tary material). According to the results presented here, the
positive NAO-like pattern usually related to La Nin˜a events
(Fraedrich and Mu¨ller, 1992; Gouirand and Moron, 2003;
Moron and Plaut, 2003; Moron and Gouirand, 2003; Pozo-
Va´zquez et al., 2001, 2005b) could take place only during
selected decades.
As this study is based on idealised experiments, a ba-
sic validation of the distinct model mean responses obtained
is recommended in order to put our results in context with
the observations. To this aim, SLP composites maps over
the NAE sector are calculated in the observational period
for each ENSO forcing and ocean mean states (Figure 8).
This composite analysis is based on composites of anoma-
lies calculated for warm and cold ENSO events, being char-
acterised the EP and CP episodes by the Nin˜o3 and Nin˜o4
indices, respectively. For EP Nin˜os, the three centres of ac-
tion identified in our simulations over Florida, the Labrador
Strait, and the British Islands in relation to a wavetrain com-
ing from the Eastern Pacific under a P SST mean state (Fig-
ure 3a), are also obtained in observations for those decades
under a P-like SST mean state configuration (Figure 8a). Un-
der N SST mean conditions this SLP structure is weakened
for both, model (Figure 3c) and observation (Figure 8d). For
CP Nin˜os, a dipolar pattern resembling a negative NAO-like
structure is found, but with different amplitudes, in P and
N (Figure 8b and 8e). This feature is also coherent with the
model response to CP Nin˜os (Figures 5a and 5c). Finally,
for CP Nin˜as, a positive NAO-like signature is detected in
P for both, observations (Figure 7a) and model (Figure 8c);
whilst the same is not found in N for any of them (Figures
7c and 8f). It is necessary to note that the comparison be-
tween observational and model results is far to be direct, as
in the former case significant differences in ENSO forcing
appears between P and N (see Figure A4 of supplementary
material) and hence, to associate a distinct response over the
NAE sector with an effective modulation by the SST mean
state rather than with the differences in the forcing itself, is
highly complicated. In spite of this aspect, as it is shown
in Figure 8, the main observational characteristics identified
in the ENSO-related responses in P and N mean states are
consistent with those detected in model results. Two differ-
ent observational SLP databases are used, finding for both of
them consistent results with our experimental responses. We
can conclude that the observational dependence of ENSO
response over the NAE sector on the SST background con-
ditions is, therefore, properly reproduced by the ACCESS
model.
Regarding rainfall, it has been demonstrated how the de-
pendence of ENSO signature in European rainfall on the
ocean mean state is evident for EP El Nin˜os, in agreement
with previous observational studies (Mariotti et al., 2002;
Knippertz et al., 2003; Lo´pez-Parages and Rodrı´guez-Fonseca,
2012; Lo´pez-Parages et al., 2014). This feature takes place
even though 1) no SST anomalies over the TNA are pre-
scribed in our simulations, and 2) the ocean-atmosphere feed-
backs over the TNA, which could enhance the ENSO-related
atmospheric response over the NAE (Mathieu et al., 2004),
are absent in our experimental design. The other ENSO events
(CP El Nin˜os, EP La Nin˜as, and CP La Nin˜as) present a less
evident dependence of European and mediterranean rain-
fall response to ENSO on the SST mean state than EP El
Nin˜os. This fact could be partially explained by the afore-
mentioned decoupling over the TNA region in our experi-
mental design. Indeed, an eastward displacement of the cen-
tres of action associated with ENSO towards the European
continent is expected if the influence associated with the
TNA SSTs would be considered (Sung et al., 2013; Ham
et al., 2014). Thus, further experiments, in which the anoma-
lous SSTs over the TNA are prescribed, or in which the slab
ocean model is also applied over the Atlantic basin, could
shed light on new changing processes related to the non-
stationary ENSO-NAE teleconnection identified in observa-
tions.
Along this study the importance of having a changing
propagation of Rossby wavetrains associated with ENSO
for a non-stationary impact downstream over the North At-
lantic, has been highlighted. Related to this it is necessary
to note the relevance of the eastern North American region
for North Atlantic storm track development. According to
this, the slight differences detected here in the propagation
of Rossby wavetrains could induce strong changes in baro-
clinicity and low level heat fluxes over Newfoundland and
its surrounding areas. As a consequence, the growth condi-
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Fig. 8 Observational ENSO impact. SLP response of EP and CP ENSO over the NAE sector in P (1910-1940 and 1965-1990; top) and N (1941-
1955 and 1995-2009; bottom) observational periods. They are constructed by calculating the composite maps based on those years in which the
Nin˜o3 (EP) and Nin˜o4 (CP) indices, respectively, exceeds 0.5 (-0.5 for La Nin˜a events) standard deviations. Red (solid yellow) and green (dashed
yellow) contours represent positive and negative values from 20CR (NCAR) database. The 95% significant responses are bolded. Contours lines
are the same as in figures 3, 5, and 7.
tions of tropospheric eddies could be remarkably different
and so, the storm track activity over the whole North At-
lantic.
The present study demonstrates how the remote impact
of both warm and cold ENSO events, on the NAE climate
could be noticeable different depending on the low frequency
variability of the SST. According to our results a warmer
than usual SST background of the tropical Pacific, together
with a colder than usual SST background over the North At-
lantic, favours the link between ENSO and the NAE sector
in twofold: 1) changing the thermally driven direct circu-
lation (Walker and Hadley cells), and 2) varying the Rossby
waves pathway in their propagation from the tropical Pacific
to the North Atlantic. However, the underlying mechanism
in the latter case is still unclear, needing further analysis to
completely understand by which way the ocean mean state
could alter the propagation of the planetary waves triggered
by ENSO, in the upper troposphere. It is important to note
how most of the available studies consider the jet streams
as important agents controlling the propagation of Rossby
waves from tropical to extratropical latitudes (Hoskins and
Karoly, 1981; Hoskins and Ambrizzi, 1993; Ambrizzi et al.,
1995; Branstator, 2002). Hence, the influence that changes
in the ocean mean state exert on the zonal mean flow at up-
per levels is a matter which should be examined in detail
in the future. Another interesting question emerging from
this modelling study is the important role that tropical Pa-
cific SST background state seems to play in remote ENSO
responses. It should be pointed out that the SST mean state
pattern prescribed in our sensitivity experiments, which is
based on the changing impact of ENSO on the leading Euro-
Mediterranean rainfall mode in the observational record, has
strong similarities with the AMO spatial signature over both,
the Atlantic and the tropical Pacific basins. According to
this, one might well wonder why the non-stationary telecon-
nection identified in observations evolve in phase with the
AMO instead of with other multidecadal variability modes
associated with the Pacific SSTs such as the Pacific Decadal
Oscillation (Mantua et al., 1997) or the Interdecadal Pacific
Oscillation (Zhang et al., 1997). Future studies should in-
vestigate this issue and its possible relation to the model
bias. Furthermore, it should be also pointed out that the dis-
tinct SST mean states prescribed in our sensitivity experi-
ments could interact in different ways with the ENSO forc-
ing. Which specific ENSO-related processes depend on the
ocean mean state? To address this question the non-linear in-
teraction between the background state and the forcing must
be also thoroughly analysed in forthcoming studies.
The main conclusion of our work is that the assumption
of stationarity that is common to many studies of ENSO tele-
connections must be clearly questioned. According to our
results, impacts over the NAE sector associated with ENSO
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events (with different signs, patterns, and amplitudes) could
be significantly different if they take place under distinct
background conditions. As a consequence, the comparabil-
ity between those studies considering different climatologies
is limited, which could explain the apparent disagreement
among them in the available literature.
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Supplementary Material
Figure A1: SST Climatology in February-March-April (seasonal mean) for a) (1950-2010), b) (1950-2010) plus the
doubled anomalous pattern from Figure 1a (P mean state), and c) (1950-2010) minus doubled anomalous pattern from
Figure 1a (N mean state).
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a)
c) d)
b)
Figure A2: EP La Niñas. Same as Figure 2 but for EP La Niñas.
a)
c) d)
b)
Figure A3: EP La Niñas. Same as Figure 3 but for EP La Niñas.
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Figure A4: Non-stationary forcings. EP and CP SST patterns for P (1910-1940 and 1965-1990; top) and N (1941-
1955 and 1995-2009; bottom) observational periods. They are based on HadISST data and constructed by calculating
the composite maps of those years in which the Niño3 (EP) and Niño4 (CP) indices exceeds 0.5 (-0.5 for La Niña
events) standard deviations. Only the 95% significant anomalies are shaded.
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7
Integrated Discussion
Contradiction is the power for scientific progress.
If a scientist see ”A” and he/she thought ”Not A”,
he/she changes the way of looking or the way of thinking.
The incoherence can not be maintained.
La contradicción es el motor del avance científico.
Si un científico ve ”A” y creía ”No A”, o cambia la
manera de mirar, o cambia la manera de pensar.
No puede mantener la incoherencia
Jorge Wagensberg Lubinski,
IV seminario de Creatividad e Inclusión social
The main purpose of this thesis is to shed light on the non-stationary behavior of ENSO telecon-
nection with European and Mediterranean rainfall (denoted along the thesis as EMedR). To this
aim, a compilation of papers in which different aspects associated with the aforementioned main
objective are analysed, is presented. In this chapter, a reflection and a general discussion is exposed
in order to integrate the distinct results that emerge from this thesis and, also, to discuss some open
questions that arise from it.
As it is shown in the State of the Art (Section 2.4), ENSO teleconnection with the NAE sec-
tor is a matter which arouses diverging views. Hence, while some authors point to a robust impact,
others are really sceptic on it (see Brönnimann (2007) and paper therein). In this thesis this con-
troversy addressed. To this aim, a strong effort is done in order to better understand the underlying
dynamics of the teleconnection, to clarify its stationarity, and to open a window of opportunity
for the enhancement of current seasonal prediction system of European and Mediterranean climate
variability.
First of all, different EOF analyses are applied in order to examine how the variability of
the European and the Mediterranean rainfall is organised from 1900 onwards (López-Parages
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and Rodríguez-Fonseca, 2012). The resultant leading EOFs, in October-November-December
(OND) and February-March-April (FMA), present significant scores in central Europe, including
the British Islands, opposite in sign to those over the Mediterranean region and the northwestern
Africa. Sliding correlations between the associated principal component and El Niño3.4 index are
then made with a 21-yr window. We find a non-stationary link in both, OND and FMA (López-
Parages and Rodríguez-Fonseca, 2012). In fall and early winter (OND) the changing teleconnec-
tion appears in phase with the Pacific Decadal Oscillation (or the Interdecadal Pacific Oscillation),
displaying significant correlations for extreme PDO phases (positives and negatives). In late winter
and early spring (FMA), however, a non-stationary link evolving in phase with the Atlantic Mul-
tidecadal Oscillation (AMO) is detected, which is consistent with the variable signature of ENSO
over the NAE sector identified in previous studies (Mariotti et al., 2002; Sutton and Hodson, 2003;
Knippertz et al., 2003). This season (late winter-early spring) is considered as the most appropri-
ated for finding a robust signal of ENSO over Europe (Brönnimann, 2007) and hence, this thesis is
focused on it. Thus, under negative AMO phases, an increase of rainfall over central Europe and a
decrease of rainfall over northern Scandinavia and the Mediterranean region in relation to anoma-
lous positive SSTs over the tropical Pacific, is detected. These periods are denoted along this thesis
as P periods. Under positive AMO phases the aforementioned link is almost the opposite, but no-
ticeably weaker and not statistically significant. These periods are denoted as N periods. Related
to this, Rodó et al. (1997) published an observational study based on the level of Lake Gallocanta,
which is located in the north-east Spain, and on rainfall measurements from nearby stations. From
this work, an unstable relationship with ENSO is also inferred: an opposite behaviour is found in
the 1940’s and 1950’s, with negative correlations between rainfall (and lake level) and SOI index,
in comparison to the preceding and following decades, for which positive correlations are found.
This changing link is coherent with the aforementioned P and N periods identified in this thesis,
and reinforces therefore the idea of a non-stationary impact of ENSO on the leading EMedR mode.
These results detected for the 20th century buttress the hypothesis of a changing El Niño
- EMedR teleconnection, and suggest a modulating role of the natural variability (internal of the
ocean-atmosphere coupled system). In order to address this issue an unforced long-term preindus-
trial control simulation (piControl) from the CNRM-CM5 model (López-Parages et al., 2014), is
thoroughly explored. The results obtained point to a key role of the multidecadal variability of
the zonal flow at upper troposphere forced by the ocean in the modulation of El Niño impact on
European and Mediterranean rainfall. This finding is consistent with most of the theoretical studies
that demonstrate the importance of jet streams for tropical-extratropical teleconnections (Hoskins
and Karoly, 1981; Hoskins and Ambrizzi, 1993; Ambrizzi et al., 1995; Branstator, 2002). As
it is theoretically argued in subsection 4, this fact is explained by the influence that zonal mean
flow at upper troposphere exerts on Rossby wavetrains. Hence, it is known that the meridional
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propagation of Rossby waves from tropical to extratropical latitudes is favoured in those regions
where the jet streams get weaker. In those cases the waves can reach high latitudes describing an
arching pattern. However, at those regions where jet streams are intense Rossby waves tend to
be zonally propagated. Related to this, any scientific study aiming at a better understanding of a
non-stationary tropical-extratropical teleconnection must necessarily analyse the related changes
in the background of jet streams.
The aforementioned study carried out with the CNRM-CM5 model is subsequently extended
for other 17 CMIP5 models (López-Parages et al., 2015a). We detect a very similar changing
impact of ENSO on the leading EMedR mode to the one identified in observations. Therefore,
this reinforces the hypothesis of a non-stationary teleconnection modulated by internal variability
modes (such as AMO or IPO) of the coupled system. According to our results, the non-stationary
teleconnection identified in piControl CMIP5 models responds to statistically significant variations
in the intensity and spatial configuration of the jet streams, which in turn seem to be forced by the
underlying SST meridional gradient. As it is shown in this thesis (López-Parages et al., 2015a),
these variations can alter the efficiency of the mean flow to propagate Rossby waves. As a conse-
quence, only for certain decades (the so-called P periods in CMIP5 models) the rotational response
associated with ENSO impacts over the NAE sector. This feature is highly coherent with the ob-
servational results. Thus, the changing link between ENSO and the leading EMedR mode can be
ultimately explained by multidecadal variability of the SST associated with the ocean-atmosphere
coupled system.
From the aforementioned results a hypothesis is posed: a common SST ENSO forcing pro-
duces distinct responses over the NAE sector depending on the ocean background state. To test
this hypothesis a set of experiments in which diverse SST ENSO forcings are prescribed under
different SST mean states, are performed with the ACCESS model. This is done by prescribing
the SST ENSO signature with distinct amplitudes, phases, and spatial patterns, taking therefore
into account the documented non-linearity of ENSO teleconnections (Frauen et al., 2014). In this
way, the different impact on EMedR of weak and strong Niñas and Niños, with distinct spatial
patterns (Eastern or Central events), and under opposite SST mean states (P and N), can be ex-
plored. The canonical ENSO signature identified in previous studies is characterized by a negative
NAO-like pattern in relation to El Niño episodes and a positive NAO-like pattern in relation to
La Niña episodes (Fraedrich and Müller, 1992; Gouirand and Moron, 2003; Moron and Gouirand,
2003; Moron and Plaut, 2003; Brönnimann et al., 2007). However, this canonical response is
not unequivocally accepted and non-symmetric signatures are also found, in agreement with To-
niazzo and Scaife (2006). Furthermore, to our knowledge, there is no study in which sensitivity
experiments are designed in order to explore both, the stationarity and the linearity, of the ENSO-
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EMedR teleconnection. Thus, the results obtained here shed light on this issue. The SST mean
state pattern prescribed in our experiments is constructed as the difference in monthly mean SST
between periods with distinct impact of ENSO on the leading EMedR mode in late winter and early
spring along the 20th century (the so-called P and N periods). As it is repeatedly mentioned, these
modified climatologies approximately correspond to extreme AMO phases. Nevertheless, in our
experiments it is not assumed a priori that the modulating factor is constrained over the Atlantic
basin and hence, in agreement with previous studies, the SST mean state signature over the tropical
Pacific is also prescribed (Dong et al., 2006; Kucharski et al., 2015). Results obtained from these
experiments demonstrate how the remote impact of both, warm and cold ENSO events, on the
NAE climate could be noticeably different depending on the low frequency variability of the SST.
In particular, SST mean state can modulate two distinct mechanisms associated with ENSO events:
(1) the thermally driven direct circulation (Waker and Hadley cells) connecting the Atlantic and
Pacific basins, and (2) the Rossby wave propagation from the tropical Pacific to the North Atlantic.
The former explains a distinct impact of Central Niñas on the Azores high pressure depending on
the SST mean state. Related to this, a positive or a negative NAO-like pattern can be identified in
relation to the same La Niña episode depending on whether it takes place under a P-like or a N-
like SST mean state configuration. The latter mechanism explains a reinforced impact of Eastern
Niños on European and Mediterranean rainfall under P conditions. This feature is consistent with
the changing ENSO signal identified in observations and CMIP5 models, and demonstrates how it
can be modulated by the SST mean state. A schematic synapse of these results can be found at the
end of the present discussion (Figure 7).
Nevertheless, from the findings obtained along this thesis new and interesting open ques-
tions, which require further discussion, emerge. Some of them are explored within the following
subsections.
Models reliability
An apparent contradiction of our results may be noted: the modulating factor found in CMIP5
models seems not to be consistent with the one identified in observations. In the latter, the moving
window correlation timeseries associated with the non-stationary link in FMA projects on a pattern
resembling an AMO-like structure over the Atlantic basin; whilst in CMIP5 models the analogous
timeseries projects on a spatial pattern closer with the well-known PDO/IPO configuration. As it
is expected, these distinct SST patterns are related to different multidecadal changes in the atmo-
spheric mean state. In particular, the multidecadal changes identified for extratropical jet streams
in observations and CMIP5 models are noticeably different. Paradoxically, the changing impact
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of ENSO on the leading EMedR mode is, in both cases, quite similar. Why the non-stationary
teleconnection identified in observations and CMIP5 models is consistent if their corresponding
modulating factors are not?
To address this question it is necessary to take into account the model bias, which refers to
the systematic (and stationary) error of climate models. It is quantified as the difference between
the ensemble simulation of a variable from a specific model with respect to the corresponding one
in the observational data, which in principle, is assumed closer to the real value. In Figure 7.1a the
climatological U200 in FMA (observations) is plotted together with the bias of those CMIP5 mod-
els analysed along this thesis (U200 for CMIP5 models minus U200 for observations). We identify
an overestimation of U200 in CMIP5 models (on average) over the subtropics (latitudes below 30o
approximately) and a subestimation in mid and high latitudes (latitudes greater than 30o approxi-
mately). A shift of jet streams towards the equator is, therefore, found in our pi-Control CMIP5
simulations. It is worth also mentioning that the bias in the subtropics is maximum over the Pacific
basins between 180o and 120oW longitudes, which broadly coincides with the region of weak cli-
matological U200 located between the exit of the EA-jet and the entrance of the NA-jet. Hence, due
to this bias one would think that ENSO impact on extratropical latitudes associated with Rossby
waves should be hindered in CMIP5 models with respect to the observations. Indeed, in observa-
tions the percentage of positive and statistically significant moving window correlations between
the PC associated with the leading EMedR mode and El Niño34 index (the so-called P periods in
which the teleconnection is stronger) with respect to the total number of windows is 30.0% (aver-
aged for different observational datasets; see Figure 2 from López-Parages and Rodríguez-Fonseca
(2012)); whilst in CMIP5 models the equivalent percentage is reduced to 18.0%.
It is also interesting how the CMIP5-models bias differ from P to N periods, being globally
reduced in P (Figure 7.1b) and globally increased in N (Figure 7.1c). Note for example how
the aforementioned bias located between the EA-jet and the NA-jet appears weakened under P
conditions. Thus, for those periods in which the extratropical ENSO response is strong and similar
in CMIP5 and observations (the so-called P periods), the jet streams are better represented (reduced
bias). The striking point is that these approximately similar jet streams in CMIP5 and observations
occurs in P under distinct SST patterns (resembling a negative IPO-like pattern in the former
case and negative AMO-like pattern in the latter case). This feature could be explained by the
amplitude of bias, which clearly excess the differences identified under P and N ocean mean states.
The extratropical jet streams, which are crucial to suitably reproduce the non-stationary impact of
ENSO on extratropical latitudes, are not well reproduced in the model (strong bias) and hence, the
changing downstream impact of anomalous Rossby waves forced by ENSO on the NAE sector can
be mo-dulated by a distinct ocean multidecadal variability mode than in the real climate. In other
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a)
b)
c)
Figure 7.1: Bias of CMIP5 models (shaded) in FMA for: a) entire mean state (prescribing the SSTs for 1950-2010
time period), b) P mean state (prescribing a negative AMO-like SST pattern), and c) N mean state (prescribing a
positive AMO-like SST pattern). Units in m/s. The climatological values of U200 are contoured (averaged from
20CR dataset for the 1900-2010 time period). The minimum value represented is 20 m/s (ci=5 m/s).
words, the modulating factor in the model (resembling an IPO pattern over the Pacific) is the one
which alters the modeled jet stream in the convenient way to favour the impact of the simulated
ENSO on extratropical latitudes. However, this way can be very different from the one needed
by the real jet streams. As a consequence, the resultant modulating agent (resembling an AMO
pattern over the Atlantic) is different as well.
Another remarkable feature associated with our sensitivity experiments is that the extratrop-
ical Rossby wavetrain linked to the Eastern Niños is roughly obtained (but with different ampli-
tudes) under both, P and N SST mean states (Figure 2 in López-Parages et al. (2015b)). This
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a)
b)
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Figure 7.2: Climatological values of U200 in FMA for: a) ACCESS model (prescribing the SSTs for 1950-2010 time
period), b) 20CR (averaged for the 1900-2010 time period), and c) CMIP5 models. The minimum value represented
is 20 m/s (ci=5 m/s).
fact, different from observations and CMIP5 models for which very distinct responses in relation
to ENSO are found in P and N periods, can be also explained by the bias of the extratropical jet
streams in ACCESS model. Contrary to the excessively zonal jets in CMIP5 models (Figure 7.2c),
in ACCESS model the jets seem to be excessively meridional, with a clear discontinuity over the
subtropical Pacific and a marked entrainment of the NA-jet on the NAE sector (Figure 7.2a). These
characteristics could favour the propagation of the ENSO-related disturbances from the tropical
Pacific to the extratropics and, as a consequence, Eastern Niños related signature is found at mid
latitudes in both, P and N periods. The role of the changing mean state in ACCESS model is,
therefore, to vary this jet streams configuration in order to either favour or disfavour the down-
stream impact over the NAE sector. In this way, only a statistically significant impact of Eastern
Niños on the EMedR (highly consistent with observations) is found under P conditions. These
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results underscore, therefore, the importance of a realistic representation of jet streams in current
coupled models (weak bias) in order to properly reproduce the non-stationary features of tropical-
extratropical teleconnections, specially those involving very distant regions such as the tropical
Pacific and the NAE sector.
Non-linear processes
A question regarding the AGCM sensitivity experiments carried out in this thesis is still unresolved.
In these experiments an El Niño or La Niña forcing (with a particular phase, amplitude, and pat-
tern) is superimposed over two different SST mean states (P and N). The difference between the
responses in P and N is not only the distinct SST background state itself (linear response), but also
the different processes triggered by the same forcing on both mean states (non-linear response).
How to isolate these two different contributions?
Assuming the climate as a non-linear system, the response R of a forcing F (El Niño/La
Niña) applied under different climatologies P and N (defined in our experiments over the Atlantic
and Pacific basins; see Figure 1a in López-Parages et al. (2015b)) can be expressed as:
R(F + P ) = R(P ) +R(F ) +NL(P, F ) (7.1)
R(F +N) = R(N) +R(F ) +NL(N,F ) (7.2)
where, on the one hand, R(P ), R(N) and R(F ) represent the linear responses associated
with the prescribed SST climatology P , the prescribed SST climatology N , and the anomalous
forcing F , respectively. On the other hand, the terms NL(P, F ) and NL(N,F ) represent the non-
linear responses of F under P and N . Hence, the anomalous response of F with respect to each
climatology (P and N ) is given by:
R(F + P )−R(P ) = R(F ) +NL(F, P ) (7.3)
R(F +N)−R(N) = R(F ) +NL(F,N) (7.4)
By subtraction of Equation 7.1 and Equation 7.2, the whole change in the response of F in
P and N is:
R(F + P )−R(F +N) =
(
R(P )−R(N)
)
+
(
NL(F, P )−NL(F,N)
)
(7.5)
which can be regrouped, for simplicity, as:
R(F + P )−R(F +N) =
(
L(P,N)
)
+
(
NL(F, P,N)
)
(7.6)
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where L(P,N) and NL(F, P,N) group together the linear and non-linear terms of expres-
sion 7.5, respectively. Thus, the total change (or non-stationary behavior) of F when it is superim-
posed on different background states (P or N ) can be organised in a linear term, which represents
the different responses to distinct climatologies, and in a non-linear term, which represents the
processes triggered by the forcing F in P but not in N, and viceversa.
We represent these different terms in Equation 7.6 for distinct forcings F (EP Niño, CP Niño,
and CP Niña) in Figure 7.3. The common L term is shown in Figure 7.3a. According to it, an
enhanced upper level divergence over the tropical Pacific together with an enhanced convergence
over Central America and the tropical Atlantic, take place in P due to the diabatic heating in the
equatorial Pacific (Figure 2a in López-Parages et al. (2015b)). As a consequence, the rotational
flow changes as well (shaded in Figure 7.3), which reflects the variation in the climatological jet
streams (Figure 7.4a). In a linear context, for each pattern (EP and CP) and phase (El Niño and La
Niña) of the forcing F , the difference in the response in P and N periods (e.g. EP in P minus EP
in N; see Equations 7.5 and 7.6) should be dominated by the difference in the climatologies, or L
term (Figure 7.3a). However, our experiments reflect how this linear approach is not valid, as the
NL terms are comparable with L (Figure 7.3b, Figure 7.3d, and Figure 7.3f). Therefore, these NL
terms are analysed in detail in the following paragraphs.
For Eastern (Figure 7.3b) and Central (Figure 7.3d) Niños, the NL response reveals a wave-
train generated from the western Pacific extending across the Pacific North American region. This
wavetrain is guided by the jets, whose spatial configuration favours their wave-guiding effect to-
wards extratropical latitudes (note the red shaded values over the North Pacific in Figure 7.4b),
according to the values of the stationary Rossby wavenumber Ks (Hoskins and Ambrizzi, 1993).
This wavetrain is produced by the strong equatorial diabatic heating that perturbs the upper tro-
posphere when El Niño event occurs under a warm Pacific SST background state (see contours
in Figure 7.3b and Figure 7.3d). Indeed, the rotational patterns associated with L (shaded in
Figure 7.3a) and NL (shaded in Figure 7.3b and Figure 7.3d) are similar over the North Pacific
American sector, both resembling a negative TNH pattern, since the heating imposed by the inter-
annual EP (or CP) Niños and by the P-N mean state difference over the tropical Pacific are similar
among them (see Figure 1 from López-Parages et al. (2015b)). In particular, for EP events, a sec-
ond north-eastward wavetrain from the eastern Pacific to the North Atlantic is enhanced in P (note
the arrows associated with the WAF in Figure 7.3b), being also favoured by the reinforced waveg-
uide associated with the NA-jet (Figure 7.4b). This Rossby wavetrain excited from the eastern
equatorial Pacific and crossing the North Atlantic has been already documented in the past (e.g.
Shaman (2014)). Its non-stationary impact downward over Europe (Figure 7.3c) associated with a
NL interaction between the ENSO forcing and the changing climatology (Figure 7.3b) represents,
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Figure 7.3: Addends described in Equation 7.6 for streamfunction (shaded) and velocity potential (contoured) at
200hPa. On top the L term. At the bottom the NL term (b, d, and f) and the sum (L + NL terms; c, e, g) for EP
Niños, CP Niños, and CP Niñas, respectively. The wave activity flux (WAF; in arrows) is also plotted for the NL
term. Units in 107m2/s (streamfunction and velocity potential) and m2/s2 (WAF). Shaded areas represent 90%
significant responses (Wilcoxon-Mann-Whitney test). For velocity potential the whole signal is plotted, but only the
90% significant response is bolded (Wilcoxon-Mann-Whitney test). The minimum values represented for velocity
potential is 0.05 · 107 (ci= 0.05 · 107). Only the WAF values larger than 1m2/s2 are shown, being removed the values
over equatorial latitudes (lower than 10o).
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a) b)
c) d)
a) b)
Figure 7.4: Changes in U200 (a) and Ks (b) background states. Contoured the climatological values (prescribing the
SSTs for 1950-2010 time period). Shaded the 90% significant differences (according to a Wilcoxon-Mann-Whitney
test) in P and N background states. The minimum value represented is 15 m/s (ci=10 m/s) and 3 (ci=1) for U200
and Ks, respectively.
however, a step forward in the understanding of the role of the ocean mean state as modulator of
the ENSO teleconnection with the European climate.
Regarding La Niña events, an anomalous wavetrain is also found at upper troposphere in
the NL term associated with Central Niñas (Figure 7.3f). The related wave activity is, however,
restricted to the North Pacific, being its downstream impact over the NAE sector weaker than for
El Niño events. At tropical latitudes, a significant convergence over the Pacific appears in relation
to a significant divergence over South America (Figure 7.3f). This feature reflects a change in the
Pacific-Atlantic connection through the zonal walker circulation, which in turns could influence
the Meridional Hadley cell over the subtropical North Atlantic (Ruiz-Barradas et al., 2003; Wang
and Picaut, 2004) and so, the Azores high pressures system (see Figures 6a, 6c, 7a, and 7c in
López-Parages et al. (2015b)). Hence, the contribution of this NL term in P could explain the
distinct surface signature obtained over the North Atlantic under P (Figure 7a in López-Parages
et al. (2015b)) and N (Figure 7c in López-Parages et al. (2015b)) climatologies. The non-stationary
response of Eastern Niñas is weaker.
Summarizing, it has been demonstrated that the NL terms from Equation 7.6 can explain
the changing downstream impact of ENSO over the NAE sector for both, El Niño and La Niña
episodes. La Niña response (mainly for Central events) is associated with variations in the Walker
and Hadley circulations, and El Niño response (mainly for Eastern events) with variations in the
ENSO-related Rossby wavetrain propagation. This dependence of the NAE sector response on the
ENSO SST structure is consistent with previous works (Toniazzo and Scaife, 2006; Shaman, 2014).
Regarding the changing rotational response associated with Eastern Pacific Niños, and considering
that P and N experiments are designed here by prescribing the SST mean states over the Atlantic
and Pacific basins, a couple of questions emerge: what is the response of the climatological jet
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a) b)
c) d)
a) b)
Figure 7.5: Same as Figure 7.4 but for ATL (prescribing Patl or Natl mean states; on top) and PAC (prescribing Ppac
or Npac mean states; at the bottom) experiments.
a)
b)
Figure 7.6: NL term for Eastern Niños. Same as Figure 7.3b but for a) ATL (prescribing Patl or Natl mean states) and
b) PAC (prescribing Ppac or Npac mean states) experiments.
streams if the SST mean states are just prescribed over the Atlantic or the Pacific basin? and,
which is the response associated with Eastern Niños in these cases? To answer these questions
the changes in U200 mean state (and Ks mean state; Figure 7.5) and the interannual response
associated with Eastern Niños (Figure 7.6) are plotted for those experiments in which the SST
background state is prescribed over the Atlantic or the Pacific only. These experiments are denoted
as ATL (prescribing Patl or Natl mean states) and PAC (prescribing Ppac or Npac mean states)
experiments.
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The previously commented P minus N difference (in U200 and Ks; see Figure 7.4), is
broadly reproduced for Patl minus Natl (Figure 7.5a,b) and Ppac minus Npac (Figure 7.5c,d),
but with some interesting variations. On the one hand, a weaker alteration of Ks over the North
Pacific is found for both, ATL and PAC experiments. On the other hand the changes associated
with the NA-jet appears slightly weakened in PAC, but not as dramatically as they appear in ATL.
The NL response of Eastern Niños is well-established in the former case (Figure 7.6b) but not
in the latter case (Figure 7.6a). This fact is explained by the unaltered SST mean state over the
tropical Pacific in ATL experiments, which produces very weak differences in convection when
the same Eastern Niño is prescribed under Patl and Natl mean states. For PAC experiments, how-
ever, a clear stronger convergence is found over the tropical Pacific in Ppac with respect to Npac.
This behaviour responds to the warmer tropical Pacific in Ppac than in Npac (see Figure 1a in
López-Parages et al. (2015b)), which favours the occurrence of the required temperatures for deep
convection development in the former case. As a consequence, a clockwise rotational circulation
reinforcing a TNH pattern is found in Ppac over the Pacific North American sector (Figure 7.6b).
However, the signature over the North Atlantic is almost the same under Ppac and Npac back-
ground states. By carefully comparing Figure 7.3b and Figure 7.6b it is possible to note that the
downstream impact over the North Atlantic, specifically the negative centre over Northern Europe,
is clearly stronger in the former case. This feature demonstrates how a combined influence of
Atlantic and Pacific SSTs is needed to efficiently alter the jet streams in order to reproduce the
non-stationary impact of Eastern Niños over the NAE sector.
Implications for seasonal predictability
As it is described in Chapter 4, atmospheric teleconnections associated with SST processes are
of special importance due to the ocean’s thermal inertia, which provides an important tool for
seasonal predictability. Our predictive skill is, however, scarce for some regions along the globe.
At extratropical latitudes the potential predictability is lower than in the tropics, but some studies
have recently found a certain ability for some regions (e.g., in North America) in relation to ENSO
(Quan et al., 2006). Nevertheless, the skill is still poor for Europe (Van Oldenborgh, 2005). One of
the factors which could influence this low ability of current seasonal forecast system over Europe
is the assumption of stationary predictor-predictand teleconnections. In particular, as it is widely
analysed along this thesis, the link between ENSO and the leading EMedR mode is modulated by
the ocean multidecadal variability. Hence, the seasonal predictive skill of rainfall based on ENSO-
related SSTs might be variable and much greater than expected, at least, for specific time periods.
Although the study of predictability is out of the scope of the present thesis, it has been briefly
explored the potential improvement in seasonal forecasting of European and Mediterranean rainfall
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that a non-stationary assumption of the teleconnection with ENSO represents. To this aim, the Sea
Surface Temperature based Statistical Seasonal foreCAST model (S4CAST model;Suárez-Moreno
and Rodríguez-Fonseca (2015)), is used. S4CAST is based on MCAs and has been developed in
order to asses the predictability of climate-related variables based on the predictive nature of the
SST, with special attention to possible non-stationary predictor-predictand relationships.
In particular, the S4CAST model is used to evaluate the predictive skill of tropical SSTs in
fall-early winter (OND) on the EMedR in late winter-early spring (FMA) if an invariant (stationary)
or a changing (non-stationary) teleconnection among them is considered. We detect significant
correlations between the predictant (EMedR) and the predictor (SSTs between 30oS and 30oN)
just for some periods (Figure 7.7), identifying an AMO-like evolution, as for the link in lag-0
between ENSO and the leading EMedR mode (see Figure 2 in López-Parages and Rodríguez-
Fonseca (2012)). At this point, two distinct approaches can be considered: (1) to analyse the
predictive skill for the entire available period, or (2) to restrict the study to those periods for which
a significant correlation between the predictor and the predictant related expansion coefficients
(from the MCAs) is found. Both procedures are explored here, being denoted as STAT and NSTAT,
respectively. For each year of the selected period the model calculates a MCA without considering
the year to predict, performing in this way a so-called one-year leave out cross-validated hindcast
for both, STAT and NSTAT. The hindcast of the predictand field is obtained, for each year and
gridpoint, by comparing the observed and simulated fields in time and space domain. For a more
detailed description of S4CAST model please refer to Suárez-Moreno and Rodríguez-Fonseca
(2015).
The leading mode explains 34.5% of co-variability for STAT, while the percentage increases
to 43.0% for NSTAT. Comparing the corresponding heterogeneous regression map of rainfall it is
possible to note how the anomalies are clearly higher in NSTAT (Figure 7.8). The most interesting
point is, not only this stronger impact, but also the enhanced skill for seasonal predictability (four
months in advance). Pearson correlation coefficients and Root Mean Squared Errors are used as
skill-scores, finding for both of them stronger values over central Europe and the western Mediter-
ranean in NSTAT with respect to STAT (Figure 7.9). The former means that, in this specific case
and over the aforementioned regions, the NSTAT approach allows for a better prediction of the sign
(more or less rainfall). The latter means that the uncertainties of the amplitudes predicted are larger
in the NSTAT approach (the impact is overestimated or underestimated). This dependence on the
time period considered invite us to question ourselves about the usual assumption in the available
literature of a stationary teleconnection between ENSO and European and Mediterranean climate,
which could in part explain the limited surface impact identified in previous works, even though
the signature at upper troposphere was intense (García-Serrano et al., 2011). Therefore, our results
145
−4
−3
−2
−1
0 
1 
2 
3 
4 
V 
& 
U 
(st
d d
ev
)
V 
− 
U 
(co
rr)
1901 1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 2011 −1   
−0.75
−0.5 
−0.25
0    
0.25 
0.5  
0.75 
1    
Figure 7.7: 21 years moving correlation windows (green line) between the expansion coefficients U corresponding to
the predictor field (anomalous tropical SSTs in OND, blue bars) and V corresponding to the predictant field (anomalous
EMedR in FMA, red line) obtained from the leading mode of co-variability from MCA analysis between both fields.
Shaded circles represent 95% statistical significant correlation under a Monte-Carlo test.
a) b)
d)c)
Figure 7.8: Regression maps for STAT (left) and NSTAT (right) approaches. On top the projection of U onto
global SSTs (homogeneous map; Kstd−1). At the bottom the projection of U onto the EMedR (heterogeneous map;
mmday−1std−1). Statistical significant areas, according to a Monte-Carlo test at the 90% level, are shaded.
point to a potential improvement in the predictive skill of the leading EMedR rainfall mode by
tropical SSTs if the non-stationary features are considered. This issue, however, must be further
analysed in future works by the use of, not only statistical models but also dynamical ones.
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a) b)
d)c)
Figure 7.9: Skill-score validation in terms of Pearson correlation coefficients (top) and Root Mean Square Error
(bottom) between observed (from Univ. of Delaware database) and simulated maps (hindcast). On the left STAT
approach and on the right NSTAT approach. Statistical significant areas, according to a Monte-Carlo test at the 90%
level, are shaded.
What about other seasons?
Up to now the research of this thesis has been focused on the teleconnection between ENSO and
the leading EMedR mode in later winter and early spring, which as has been noted, corresponds
with the season in which the ENSO signature on European continent has been found stronger in
previous works (Brönnimann, 2007). It also seems interesting to explore, however, to what extend
and in which way, the teleconnection evolve in time in others seasons of the year. This issue
is briefly studied in López-Parages and Rodríguez-Fonseca (2012) (see Figure 2 of this paper)
by the analysis of independent anomalous rainfall EOFs for different seasons. However, climate
variability can be distributed in different ways in each of the aforementioned EOFs and hence,
the resultant modes could represent very distinct dynamical mechanisms. In order to capture a
common mode of variability among the different months, an extended-EOF (see Section 5.2.2.1)
of the EMedR spanning the whole year (from January to December), is applied. The leading
extended-EOF (Figure 7.10), which explains the 14.0% of the total variance, is characterized by
positive anomalies in central Europe, and negative ones over the northern Scandinavia and the
Mediterranean region. This spatial structure is highly similar to the leading EOFs analysed in
FMA and OND (López-Parages et al. (2014)), but with slight differences in the amplitude over
some areas.
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Figure 7.10: Leading Extended EOF (from January to December) of EMedR. Units are in standarized rainfall per
standard deviation in the leading PC. Statistical significant areas, according to a Monte-Carlo test at the 95% level, are
shaded.
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Figure 7.11: 21-years sliding window correlations between the leading PC from the Extended-EOF and El Niño3.4
index for each corresponding month. Only the 95% significant correlations according a Monte-Carlo test are shaded.
21-years sliding window standard deviation at 95% significant level are also plotted, being the positive values marked
with dots and the negative values marked with crosses. Highlighted between the solid lines February-March-April.
Highlighted between the dashed lines October-November-December. The pattern has been duplicated (2 years) for an
easier interpretation.
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For consistency with previous analysis of this thesis, the link with El Niño is obtained by
computing 21 year sliding window correlations between the leading principal component from the
extended EOF and El Niño3.4 index of the corresponding month (Figure 7.11) . According to
this, the AMO-like evolution detected in FMA (highlighted between the solid lines in Figure 7.11)
and the PDO-like evolution found in OND (highlighted between the dashed lines in Figure 7.11),
seem to be part of a more global pattern in which the correlation (positive or negative) between
the PC associated with the leading EMedR mode and El Niño3.4 index occurs, either few months
earlier or few months later, depending on the decade considered. Furthermore, in accordance to
the variance of the PC, a lack of stationarity in the related EMedR variability mode is detected.
Hence, in some decades rainfall variability is enhanced (marked with dots in Figure 7.11) while
in others it is weakened (marked with crosses in Figure 7.11). In particular, the periods with an
enhanced rainfall variability in FMA broadly coincides with those in which the correlations are
significant, reinforcing the hypothesis of a changing impact of ENSO.
As it is mentioned in the previous paragraph, significant changes are also found for other
seasons, being specially clear in autumn during the central decades of the 20th century. Related to
this, an interesting issue to be explored in the future would be whether the non-stationary behavior
of the teleconnection between the EMedR and El Niño appears as a result of either (1) a time
displacement of the season in which the link occurs beyond the seasonal interval we consider or
(2) a real intermittent nature. In the former case, the consideration of late winter early spring as the
most properly season for detecting a robust signal of ENSO over Europe and the Mediterranean
region must be clearly questioned, at least, for certain decades.
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Figure 7.12: Very simplified synapses of the research undertaken. It includes the main objectives, data, and method-
ology considered in this thesis. Please compare to Figure 5.4.
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8
Conclusions
The main conclusions of this PhD thesis are:
1. The leading EMedR variability mode, at interannual timescales, in fall-early winter
and in late winter-early spring, is related to El Niño in a non-stationary way in the
observational record (López-Parages and Rodríguez-Fonseca, 2012).
According to the leading EOF, an increase (decrease) of rainfall over central Europe and a
decrease (increase) of rainfall over the northern Scandinavia and the Mediterranean rainfall
is detected, for both seasons, in relation to anomalous positive (negative) SSTs over the
tropical Pacific. A changing link between the corresponding Principal Component and El
Niño3.4 index is found.
• In fall-early winter (October-November-December; OND) this link evolves in phase
with the Pacific Decadal Oscillation (PDO). Statistically significant positive (negative)
correlations appears for positive (negative) PDO phases.
• In late winter-early spring (February-March-April; FMA) this link evolves in phase
with the Atlantic Multidecadal Oscillation (AMO). Statistically significant positive cor-
relations appears during negative AMO phases.
The spatial projections of anomalous SLP and SST onto these leading PCs present different
structures depending on the period considered. They suggest the influence of tropical SSTs
associated with ENSO over the NAE sector in some decades; whilst in others, the patterns
appears in absence of oceanic signatures and resemble spatial configurations usually related
to internal variability of the atmosphere.
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2. The non-stationary teleconnectiom between ENSO and the leading EMedR mode, in
FMA, can be reproduced by internal variability of the ocean-atmosphere coupled sys-
tem (López-Parages et al., 2014, 2015a).
Long-term preindustrial control simulations (pi-Control) from different 18 CMIP5 models
are able to reproduce the observed changing impact of ENSO on the leading EMedR mode.
• For those periods in which the observational signature of ENSO on EMedR is found,
a Rossby wavetrain structure associated with an anomalous warming over the tropical
Pacific reaches the NAE sector. As a consequence, a low pressure center appears over
northern Europe and a significant impact on rainfall is detected.
• In others periods, however, the anomalous Rossby wavetrain associated with ENSO is
constrained over the Pacific North American sector and a very different EMedR pattern
(broadly the opposite) is identified.
3. The absence of stationarity in the teleconnection between ENSO and the leading EMedR
mode can be explained by multidecadal changes of jet streams forced by the ocean
(López-Parages et al., 2014, 2015a).
This feature is explained, in pi-Control CMIP5 simulations, as follows:
a) SST variability associated with an IPO-like pattern alters the climatological meridional
temperature gradient over the North Pacific and over the vicinity of the Central American
continent.
b) These changes modify the vertical shear of the horizontal wind (thermal wind) and hence,
the intensity and spatial configuration of the EA-jet and the NA-jet above.
c) As a consequence, the stationary Rossby waveguides associated with these jets vary in a
way that the propagation of the ENSO-related wavetrains from tropical to extratropical
latitudes is either enhanced or weakened.
d) When the aforementioned propagation is enhanced, the related wave activity reaches the
NAE sector and hence, a significant signature of ENSO on European and Mediterranean
rainfall (consistent with the observational one) is found.
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4. Sensitivity experiments with the ACCESS model (AGCM) demonstrate how the ENSO
impact on the leading EMedR mode in FMA can be modulated by the SST mean state
variability. This modulation occurs, however, in a distinct way depending on the phase,
amplitude, and spatial pattern of the SST ENSO forcing (López-Parages et al., 2015b).
The main specific outcomes obtained from these experiments are:
• The non-stationary impact of La Niña events (mainly the Central episodes) over the
NAE sector is explained by changes in the divergent flow. In particular, under a nega-
tive AMO-like SST mean state, the thermally driven Walker cell connecting the Pacific
and Atlantic basins, and Hadley cell linking the equatorial and subtropical Atlantic, are
weakened during La Niña events. As a consequence, the Azores high pressures system
is also weakened.
• The non-stationary impact of El Niño events (mainly the Eastern episodes) over the
NAE sector is explained by changes in the rotational flow. In particular, under a neg-
ative AMO-like SST mean state, the El Niño-related Rossby wavetrains are guided
by the EA-jet and the NA-jet from the tropical Pacific to the NAE sector. Under a
positive AMO-like mean state, however, the wave activity associated with El Niño is
restricted to the Pacific North-American sector. This feature is coherent with the chang-
ing signature of ENSO identified in observations. For strong Eastern Pacific Niños this
dependence with the ocean background state is not found.
• The aforementioned changes in Rossby waveguides reflect a combined influence of
both, the Atlantic and Pacific basins, on the EA-jet and the NP-jet. Thus, only when
the AMO-like signature over the Pacific is considered the waveguides vary in a way
that efficiently propagate the anomalous disturbances associated with ENSO towards
the NAE sector.
5. Extratropical jet streams play a key role for tropical-extratropical teleconnections.
The comparison of the ENSO-EMedR teleconnection found in (1) observations, (2) pi-
Control CMIP5 simulations, and (3) sensitivity experiments carried out with the ACCESS
model, leads to the conclusion that the intensity and spatial configuration of the jet streams
play a key role in representing the non-stationary features of ENSO teleconnections with
remote extratropical regions. According to our results, if the jets (and their related Rossby
waveguides) are poorly represented by climate models (strong bias), a common changing im-
pact of ENSO on EMedR, in observations and models, can be modulated by very different
SST multidecadal patterns.
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A
Future Work
The results of the present thesis have shed light on a non-stationary teleconnection between ENSO
and the leading EMedR mode. This changing link can be modulated by variations in the upper
tropospheric mean flow associated with multidecadal variability of the underlying SST. Some in-
teresting issues, which are outside the scope of this work, also arise from the present study. To
address them in the future we identify the following particular tasks:
• To deeper analyse the role of the TNA. To this aim new sensitivity experiments, in which
the influence of ENSO on TNA SSTs is considered, must be carried out. This task could be
performed by: (1) prescribing the TNA SST pattern associated with ENSO in an AGCM, or
(2) coupling the ocean and the atmosphere over the TNA region using a CGCM.
• To quantify the improvement in the predictive skill of EMedR through ENSO-related
SSTs when the non-stationary behavior of the teleconnection is considered. This task re-
quires further analyses in future works by using of statistical and dynamical models.
• To explore a possible change of the season in which the tropospheric teleconnection
between ENSO and the leading EMedR mode occurs, as well as the role of the SST
background state. In the case that this change exists, the assumption of late winter and
early spring as the most properly season for detecting a robust signal of ENSO over Europe
must be clearly questioned.
• To investigate the stratospheric link and its possible non-stationary feature. Consider-
ing the strong influence of ENSO over the NAE sector via the stratosphere (Butler et al.,
2014), it would be of great interest to distinguish between the tropospheric and stratospheric
pathways. The study of both is convenient, not only for an integral vision of the teleconnec-
tion, but also to be able to isolate their related possible modulating factors.
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B
List of Acronyms
20CR 20th Century Reanalysis.
ACCESS Australian Community Climate and Earth System Simulator.
AGCM Atmospheric General Circulation Model.
AMO Atlantic Multi-decadal Oscillation.
AMOC Atlantic Multi-decadal Overturning Circulation.
AO Arctic Oscillation.
COADS Comprehensive Ocean-Atmosphere Data Set.
CGCM Coupled General Circulation Model.
CMIP Coupled Model Intercomparison Project.
CP Central Pacific.
EMedR European and Mediterranean Rainfall.
ENSO El Niño and the Southern Oscillation.
EOF Empirical Orthogonal Function.
EP Eastern Pacific.
ECMWF European Centre for Medium-Range Weather Forecast.
ERSST Extended Reconstructed Sea Surface Temperature.
FT Fourier Transform.
GCM General Circulation Model.
GPCC Global Precipitation Climatology Centre.
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158 B. List of Acronyms
HadISST Hadley Center Sea Ice and Sea Surface Temperature.
ICOADS International Comprehensive Ocean-Atmosphere Data Set.
IPCC Intergovernmental Panel on Climate Change.
IPO Inte-decadal Pacific Oscillation.
ITCZ Inter-Tropical Convergence Zone.
MCA Maximum Covariance Analysis.
MOC Meridional Overturning Circulation.
NAE North Atlantic European.
NAM Northern Annular Mode.
NAO North Atlantic Oscillation.
NCAR National Center for Atmospheric Research.
NCEP National Center for Environmental Prediction.
NOAA National Oceanic and Atmospheric Administration.
OGCM Ocean General Circulation Model.
PC Principal Component.
PCA Principal Component Analysis.
PDO Pacific Decadal Oscillation.
PNA Pacific North American Pattern.
S4CAST Sea Surface Temperature based Statistical Seasonal foreCAST.
SLP Sea Level Pressure.
SO Southern Oscillation.
SOI Southern Oscillation Index.
SST Sea Surface Temperature.
SVD Singular Value Decomposition.
TNA Tropical North Atlantic.
TNH Tropical Northern Hemisphere.
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